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Abstract 
Innate immunity is used by both plants and animals to defend themselves against pathogens and 
prevent diseases. Plants, which lack an adaptive immune system present in animals, rely exclusively 
on the innate immune system. In this study, we used structural biology to investigate important 
proteins in the innate immune systems of both plants and animals.  
Plants are engaged in a continuous battle against plant pathogens, which affects human activities, 
especially our agriculture. As an outcome of these battles, plants have evolved a sophisticated 
immune system to detect pathogens. As a result of the immune response, plant resistance (R) 
proteins recognize specific pathogen proteins (effectors) to trigger the effector-triggered immune 
response (ETI). The biological functions of effector proteins and the molecular basis of how R 
proteins are activated and signal, are poorly understood. A major sub-family of R proteins contain a 
Toll/interleukin-1 receptor (TIR) domain at the N-terminus. Structural and functional analysis of the 
R proteins L6 and RPS4 has previously shown that the TIR domain region is both necessary and 
sufficient for triggering ETI, and that TIR domain self-association is required for signalling. Here I 
report the crystal structure of the TIR domain from the Arabidopsis R-like protein SNC1. Analysis 
of the structure combined with site-directed mutagenesis reveals two distinct dimerization 
interfaces. Both interfaces have recently been shown to be important for signaling, but this is the 
first time that these two interfaces have been shown to exist in the same R protein. The structure 
therefore provides a unique model for TIR domain association. 
The molecular functions of most fungal effector proteins have not been identified. AvrP from flax-
rust is recognised by the flax resistance protein P and is a small secreted cysteine-rich protein of 
unknown function with sequence similarity to disulfide-containing Kazal protease inhibitors. 
However, homology modeling and biochemical studies suggest that AvrP is not disulfide-bonded 
and may instead be structurally similar to plant homeodomain (PHD) zinc-finger proteins. Using 
zinc as an additive, we obtained crystals of AvrP diffracting to 2.5 Å resolution and determined the 
three-dimensional structure using experimental phasing. The structure of AvrP reveals a novel zinc-
binding fold with some limited similarities to DNA-binding proteins. The zinc-coordinating region 
of the structure displays a positively charged surface. The polymorphic residues in the AvrP family 
that are associated with R protein recognition differences map to the surface of AvrP and form 
surface patches that may mediate host recognition. The structure of AvrP provides insights into 
possible pathogen-associated functions of this protein in the plant-associated immune response. 
In animals, Toll-like receptors (TLRs) recognize invading pathogens and initiate innate immune 
responses. TLRs protect the host from diverse diseases, but are also associated with a range of 
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disorders including inflammatory diseases, making them attractive therapeutic  targets. To initiate 
the innate immune response, TLRs associate with adaptor proteins through TIR domain interactions. 
The TIR-containing adaptor family of the TLR signaling pathway consists of five key members 
including MyD88, Mal, TRIF, TRAM and SARM. SARM (sterile alpha and armadillo-motif 
containing) protein consists of N-terminal armadillo motifs (ARM) domain, two central sterile-α 
motif (SAM) domains and a C-terminal TIR domain. SARM has been shown to be involved in the 
negative regulation of Toll-like receptor signaling, inflammation-driven apoptosis and axon 
degeneration. However the molecular functions and signaling pathways of SARM remain poorly 
understand. To investigate the structural basis of SARM functions, we set out to determine the 
crystal structure of SARM. Constructs were designed to produce the full-length human SARM 
protein and fragments containing individual domains in E coli. Protein constructs of both the 
tandem SAM domains and the TIR domain have been produced in a soluble form using the E. coli 
expression system, and they have been purified to homogeneity. The tandem SAM domains form a 
stable octamer in solution, while the TIR domain is monomeric. Crystals of the tandem SAM 
domains have been obtained, and a dataset (2.5 Å resolution) has been collected at the Australian 
Synchrotron. Our attempts to solve this structure by molecular replacement have so far been 
unsuccessful, and we will use experimental phasing methods to determine the structure. 
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Chapter 1 Introduction 
An organism’s ability to survive and reproduce within a competitive environment is implicitly 
linked to its capacity to withstand and defend against pathogen attack. To protect themselves 
against pathogens, animals utilize a dual component immune system including the adaptive 
and the innate immune system. Plants, which lack an equivalent adaptive immune system, 
rely exclusively on an innate immune system to defend themselves against pathogens and 
prevent diseases. This project is focused on using structural biology to investigate proteins 
that play important roles in the innate immune systems of both plants and animals. 
1.1 Plant disease resistance and pathogen recognition 
1.1.1 Two layers of the plant immune system 
The plant immune system is characterised by two-layers of defence. Both defence strategies 
involve pathogen recognition and give rise to similar responses; however, the methods used to 
recognise pathogens are distinctly different (Figure 1.1) (Dodds and Rathjen, 2010). In the 
first layer, transmembrane pattern recognition receptors (PRRs), recognize conserved 
molecules that are presented by potential pathogens, known as pathogen-associated molecular 
patterns (PAMPs) or microbe-associated molecular patterns (MAMPs) (Mackey and McFall, 
2006; Dodds and Rathjen 2010). The PAMPs recognized by plant PRRs are typically 
essential components of a class of microbes, and include bacterial flagellin proteins and 
fungal chitin (Dodds and Rathjen, 2010). Stimulation of PRRs leads to PAMP-triggered 
immunity (PTI). The PTI responses include rapid ion fluxes across the plasma membrane, 
activation of mitogen-activated protein kinases (MAPKs), production of reactive-oxygen 
species, and expression of defense-related genes (Zipfel, 2008). The PRRs generally consist 
of an extracellular leucine-rich repeat (LRR) domain, and an intracellular kinase domain 
(Figure 1.1). Arguably the most well characterised PRR is flagellin-sensing 2 (FLS2), which 
is able to recognise the N-terminus of bacterial flagellin (flg22) (Felix et al., 1999). Most 
characterised PRRs of plants work in conjunction with a LRR receptor kinase, known as 
brassinosteroid insensitive 1-associated kinase 1 (BAK1), to initiate the PTI signaling 
pathway (Heese et al., 2007).  
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In the ongoing arms race between microbes and plants, some pathogens have evolved 
strategies to suppress PTI signalling. In most cases, pathogens secrete proteins known as 
effectors, into host cells to aid colonisation (Zhou and Chai, 2008). To counteract this 
infection strategy, plants have evolved intracellular receptors, known as resistance (R) 
proteins, which recognise effectors and initiate immune response known as effector-triggered 
immunity (ETI), providing plants with a second layer of immunity (Figure 1.1). ETI differs 
from PTI with respect to the amplitude of response. The ETI response is typically stronger 
and faster than PTI, and is defined by a defence response known as the hypersensitive 
response (HR), which often results in cell death of the infected cell (Dodds and Rathjen, 
2010). Unlike PAMPs, effectors are highly variable and dispensable both within and between 
species, and the recognition of effectors is highly specific. Pathogen effector – plant R protein 
interactions were described genetically in the 1950’s by Flor in his gene-for-gene theory (Flor, 
1956), however the molecular details of the interplay between these proteins is yet to be fully 
understood. This review focuses primarily on further understanding of ETI. 
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Figure 1.1 The principles of innate immunity in plants. PAMPs are recognized by cell surface PRRs 
and elicit PTI. Effectors (green) secreted by pathogens often act to suppress PTI, however, many are 
recognized by intracellular R (NB-LRR) proteins and induce ETI. PRRs contain an extracellular LRR 
domain (blue) and an intracellular kinase domain (red). Most R proteins contain an N-terminal 
Toll/interleukin-1 receptor (TIR) domain or coiled-coil (CC) domain (purple), a nucleotide-binding  
(NB, also called NBARC) domain (orange) and a LRR domain (blue). The figure is taken from 
(Dodds and Rathjen, 2010). 
 
1.1.2 Resistance proteins and their subdomains 
The recognition events in ETI are in most cases mediated by a class of intracellular receptors 
that contain a central nucleotide-binding (NB, also called NBARC) domain and a C-terminal 
LRR domain (Figure 1.1). Commonly known as resistance (R) proteins, NB-LRR proteins 
have been shown to provide resistance to a broad range of plant pathogens including fungi, 
oomycetes, bacteria, viruses and insects. The NB-LRR proteins can be further classified into 
two subfamilies (TIR-NB-LRR and CC-NB-LRR), depending on the presence of either 
Toll/interleukin-1 receptor (TIR) domains or coiled-coil (CC) domain at their N-termini 
(McHale et al., 2006). Our understanding of R protein activation and signaling is still 
hampered by the lack of structural information on R proteins and the molecular interactions 
they are involved in. However, recent research, involving individual domains from R proteins, 
have significantly advanced our understanding of R protein function. 
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whereas ETI is active against adapted pathogens. However 
these relationships are not exclusive and depend 
on the elicitor molecules present in each infection.
Here, we provide an overview of the plant PTI and 
ETI systems, highlighting recent advances and identify-
ing key gaps in our understanding of these processes. We 
consider the roles of PRRs in initial pathogen perception, 
our expanding knowledge of pathogen effectors and their 
roles in suppressing PTI responses, the nature of effector 
recognition and the downstream responses to pathogen 
perception. Finally, we discuss briefly how this knowledge 
is beginning to feed back into the agricultural context 
that originally spawned the study of plant immunity.
Extracellular recognition by PRRs
PRRs have been reviewed recently7, so here we discuss 
some important principles and recent findings relat-
ing to key proteins in the process of recognition of 
extracellular pathogen molecules.
Pattern recognition receptors. Known PRRs fall into 
one of two receptor classes: transmembrane receptor 
kinases and transmembrane receptor-like proteins, 
the latter of which lack any apparent internal signal-
ling domain7. Recent work has shown that endoplasmic 
reticulum quality-control mechanisms are crucial for 
PRR biogenesis (BOX 1). The receptor kinase gene family 
has undergone huge expansion in plants: for exam-
ple, about 610 members are present in the Arabidopsis 
thaliana genome, and many of these are responsive 
to biotic stresses8. The receptor-like protein class has 
57 members in A. thaliana9. The expansion of these 
families is in contrast to the situation in animals, which 
possess 12 Toll-like receptors that fulfil an equivalent 
role to PRRs in plants10.
The PAMPs recognized by plants are multifarious 
and include proteins, carbohydrates, lipids and small 
molecules, such as ATP6. Recognition of PAMPs is 
best understood in the case of the A. thaliana recep-
tor kinase FLAGELLIN SENSING 2 (FLS2), which 
binds bacterial flagellin directly and then assembles 
an active signalling complex. Although the PAMP 
concept encompasses the idea that all PAMPs should 
be recognized by all species, this has been found to 
not always be the case, as perception of the bacterial 
elongation factor EF-Tu is apparently restricted to the 
Brassicaceae11. Similarly, the Xa21 receptor in rice pro-
vides race-specific resistance to the bacterial pathogen 
Xanthomonas oryzae, and was recently shown to act as 
a PRR for a novel sulphonated bacterial protein termed 
Ax21 (REF. 12).
BAK1, a central regulator of PAMP-triggered immu-
nity. Most known PRRs require the leucine-rich 
repeat (LRR) receptor kinase BRASSINOSTEROID 
INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) for 
function13,14 (FIG. 2). An exception is the fungal chitin 
receptor CHITIN ELICITOR RECEPTOR KINASE 1 
(CERK1)15,16, which also responds to an unknown bac-
terial PAMP17. BAK1 is part of a family of five somatic 
embryogenesis receptor kinase (SERK) members and 
is also known as SERK3. It is not yet known whether 
other SERK family members have redundant roles in 
immune signalling. BAK1 does not have a direct role 
in elicitor perception, but FLS2 rapidly forms a complex 
with BAK1 after elicitation. This interaction results in 
phosphorylation of both proteins, which peaks 30–60 
seconds after elicitor treatment18. BAK1 also has a 
role in the perception of other elicitors, probably 
also through heterodimerization with PRRs in the 
LRR-receptor kinase family.
As such, BAK1 is a central regulator of plant immu-
nity and consequently the target of several pathogen 
virulence effector molecules19 (see below). Despite 
this, A. thaliana plants containing a null muta-
tion in the bak1 gene are actually marginally more 
resistant to biotrophic pathogens, although they are 
slightly more susceptible to necrotrophic pathogens20. 
These phenotypes may be related to a deregulated 
cell death phenotype that has been described in the 
bak1 mutants20,21.
Figure 1 | The principles of plant immunity. Bacterial plant pathogens propagate 
exclusively in the extracellular spaces of plant issues. Most fungal and oomycete 
pathogens also extend their hyphae into this space, although many also form 
specialized feeding structures, known as haustoria, that penetrate host cell walls but 
not the plasma membrane. Other fungi extend invasive hyphae into plant cells, but 
again do not breach the host membrane. Molecules released from the pathogens into 
the extracellular spaces, such as lipopolysaccharides, flagellin and chitin (pathogen-
associated molecular patterns (PAMPs)) are recognized by cell surface pattern 
recognition receptors (PRRs) and elicit PAMP-triggered immunity (PTI). PRRs 
generally consist of an extracellular leucine-rich repeat (LRR) domain (mid-blue),  
and an intracellular kinase domain (red). Many PRRs interact with the related protein 
BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) to initiate the PTI 
signalling pathway. Bacterial pathogens deliver effector proteins into the host cell  
by a type-III secretion pilus, whereas fungi and oomycetes deliver effectors from 
haustoria or other intracellular structures by an unknown mechanism. These 
intracellular effectors often act to suppress PTI. However, many are recognized  
by intracellular nucleotide-binding (NB)-LRR receptors, which induces effector- 
triggered immunity (ETI). NB-LRR proteins consist of a carboxyl-terminal LRR domain 
(light blue), a central NB domain (orange crescent) that binds ATP or ADP (yellow oval), 
and an amino-terminal Toll, interleukin-1 receptor, resistance protein (TIR) or 
coiled-coil (CC) domain (purple oval).
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1.1.2.1 The LRR domain 
The LRR domains are located at the C-termini of R proteins, and consist of tandem arrays of 
leucine-rich repeat motifs. To date, no crystal structure of an LRR domain from an R protein 
has been reported, however, structural insights from other LRR domains demonstrate that this 
domain have an arc-shaped structure and contain 20~29-residue long repeat motifs (Kobe and 
Kajava, 2001). Each motif has a conserved 11-residue core with the consensus sequence L-x-
x-L-x-L-x-x-N, which forms a β-strand-β-turn structure (Ellis et al., 2000; Kobe and Kajava, 
2001). The β-strands form a parallel β-sheet, forming the concave surface of the arc. The 
leucine residues in the β-sheet, which may be substituted by valine, isoleucine or 
phenylalanine, face inward and form the hydrophobic core (Padmanabhan et al., 2009). 
Despite the lack of an R protein LRR domain crystal structure, structure modelling of the 
RPS5 LRR domain based on the structure of bovine decorin protein (McHale et al., 2006), 
and the L6 LRR domain based on the structure of interalin A (Wang et al., 2007), revealed 
that both proteins are compatible with the predicted LRR architecture. 
The LRR domains generally provide a versatile structural framework for protein-protein 
interactions (Kobe and Kajava, 2001). In R proteins, the LRR domain is involved in 
determining the gene-for-gene resistance specificity and in some cases interacts directly with 
pathogen effectors. For example, the closely related polymorphic R proteins L6 and L11 from 
flax differ solely in the LRR domain, however they confer different resistance specificities 
(Ellis et al., 1999; Ellis et al., 2000). Chimeric L alleles coding for the LRR domain of the L2 
allele and the N-terminal regions of either the L6 or L10 alleles, express L2 specificity in 
transgenic plants and not the L6 or L10 specificities (Ellis et al., 1999). Consistent with the L 
proteins, six-residue changes in the LRR domain are sufficient to alter the specificities 
between the flax rust R proteins P2 and P (Dodds et al., 2001). The polymorphisms of these 
LRR domains occur predominantly in the β-strand-β-turn region, suggesting that recognition 
occurs with this region, which forms the concave regions of the LRR domain. 
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1.1.2.2 The NBARC domain 
The nucleotide-binding domain of R proteins typically contains three subdomains (NB, ARC1 
and ARC2), and is often referred to as the NBARC domain because of the conserved ARC 
region that is shared by Apaf-1, R proteins, and CED-4 (van der Biezen and Jones, 1998). 
This domain consists of several conserved motifs that are shared within a larger class of 
ATPases known as the ‘signal transduction ATPase with numerous domains’ (STAND), 
which are commonly involved in pathogen defence and programmed cell death in both 
animals and plants (Leipe et al., 2004). The crystal structure of human Apaf-1 and its 
sequence comparison with the NBARC domains from R proteins provides informative 
insights into the conservation and arrangement of the functional motifs that constitute the 
NBARC domain. The NBARC domain of Apaf-1 contains a three-layered α/β fold (the NB 
subdomain including a P-loop motif), a short helical motif (the ARC1 subdomain), a winged-
helix domain (the ARC2 subdomain including a MHD motif) and an additional helical 
domain (ARC3) that is absent from plant NB-LRR proteins (Riedl et al., 2005; Albrecht and 
Takken, 2006). In cooperation with the N-terminal caspase recruitment domain (CARD), 
Apaf-1 binds adenosine di-phosphate (ADP) and the purified protein is capable of 
hydrolysing ATP/dATP and their analogues (Riedl et al., 2005).  
Adenosine tri-phosphate (ATP) binding and hydrolysis has also been shown for a number of 
R proteins, including I2/Mi from tomato and M/L6 from flax (Tameling et al., 2002; Williams 
et al., 2011). Nucleotide binding is crucial for R protein function and the NBARC domain 
acts as a molecular switch for the R proteins (Takken et al., 2006; Tameling et al., 2006). The 
“off” state of the R protein binds ADP and the activation of the R protein requires the 
exchange of ADP for ATP (Tameling et al., 2006; Williams et al., 2011). Some animal 
NBARC domain-containing proteins self-oligomerize through the NBARC domain to form an 
active signaling cascade (Inohara et al., 2000). Similarly, the tobacco N protein oligomerizes 
in the presence of the pathogen elicitor p50 and the oligomerization can be abolished by a 
mutation that prevents nucleotide binding (Mestre and Baulcombe, 2006). 
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1.1.2.3 The N-terminal TIR and CC domains 
The TIR and CC domains are both implicated as protein-protein interaction domains and are 
present in diverse protein families. In general, NB-LRR proteins have either a TIR or CC 
domain at their N-terminus. Structures of both the TIR and CC domain have been solved from 
different R proteins. The crystal structure of the CC domain from the barley mildew A R 
proteins (MLA10) revealed a rod-shaped homodimer (Maekawa et al., 2011). Maekawa and 
colleagues demonstrated that the dimerization of the CC domain was required for MLA10 
function and suggested that the CC domain functioned as a molecular interface for MLA10 
signaling. 
Several crystal structures of plant TIR domains have been reported, including the TIR 
domains from the Arabidopsis proteins AtTIR, RPS4 and RRS1, and the flax protein L6 
(Chan et al., 2010; Bernoux et al., 2011; Williams et al., 2014). Despite the low sequence 
identities shared with mammalian TIR domains, the plant TIR domains have a similar 
structure, which consists of a central five-stranded parallel β-sheet surrounded by five α-
helices (Chan et al., 2010). Plant TIR domains have an additional αD3 helix that is missing 
from the mammalian TIR domains (Chan et al., 2010). The TIR domain region is both 
necessary and sufficient for triggering effector-independent cell death in plant cells 
(Swiderski et al., 2009; Bernoux et al., 2011; Williams et al., 2014). In addition, the TIR 
domains from L6, RRS1 and RPS4 form homo- or hetero-dimers, which mediate R protein 
signaling (Swiderski et al., 2009; Bernoux et al., 2011; Williams et al., 2014). Intriguingly,  
while the structures of CC and TIR domains are very different, both domains are involved in 
homodimerisation, which is implicated in R protein signalling.  
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Figure 1.2 Structural representations of the R protein subdomains. (A) The LRR domain structure of 
internalin A (PDB ID 1O6T). It contains 15 LRRs, forming a right-handed solenoid. The conserved β-
strands are colored in yellow. (B) The structure of ADP bound Apaf-1 (PDB ID 1Z6T). Apaf-1 
contains five subdomains: CARD (colored blue), NB (red), ARC1 (green), ARC2 (cyan) and ACR3 
(magenta). The ADP molecule is shown as sticks. The NB, ARC1 and ARC2 subdomains form the 
NBARC domain in R proteins. (C) & (D) The dimeric structures of L6 TIR domain (PDB ID 3OZI) 
(C) and MLA CC domain (PDB ID 3QFL) (D). The two chains of each dimer are colored in blue and 
cyan.  
A B 
C 
D 
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1.1.3 Effector recognition by R proteins 
In the recognition process, R proteins interact with effectors either directly by physical 
association or indirectly through an accessory protein (Dodds and Rathjen, 2010). Three 
models have been proposed for the R protein:effector interactions (Figure 1.3) (Dodds and 
Rathjen, 2010). 
In an example of the direct interaction, the rice R protein Pi-ta confers resistance to the rice 
blast fungus Magnaporthe grisea by recognising the effector AVR-Pita; AVR-Pita has been 
shown to bind to the LRR domain of Pi-ta both in yeast two-hybrid assays and in vitro 
binding assays (Jia et al., 2000). The flax R proteins L and M interact with the Melampsora 
lini fungal effectors AvrL567 and AvrM, respectively (Dodds et al., 2006; Catanzariti et al., 
2010). The direct interaction is based on the highly specific gene-for-gene relationships. As a 
result of the ongoing co-evolution, the R proteins show high levels of sequence 
polymorphism (particularly within the LRR domain) to generate different recognition 
specificities against highly diverse effector targets (Ellis et al., 2000). 
Indirect interaction is described by the guard/decoy model, in which the R proteins detect 
pathogens by monitoring the changes induced on a host accessory protein by the pathogen 
effectors (van der Hoorn and Kamoun, 2008). The accessory protein is a target or a structural 
mimic of the effector (van der Hoorn and Kamoun, 2008). For example, the Arabidopsis 
protein RIN4, which is physically associated with the R protein RPS2, is targeted by the 
Pseudomonas syringae effector AvrRpt2 for degradation (Axtell and Staskawicz, 2003; 
Mackey et al., 2003). The disruption of RIN4 is sensed by RPS2, leading to defence 
activation (Axtell and Staskawicz, 2003; Mackey et al., 2003). RIN4 is the target for at least 
three unrelated P. syringae type III effectors and in this way enables the associated RPS2 
protein to recognize multiple and diverse effectors (Mackey et al., 2003). The guard model 
and the decoy model differ in forms of whether the changes in the accessory protein benefit 
the effector virulence in the absence of the R protein (van der Hoorn and Kamoun, 2008). 
The bait model is a further modification of the guard/decoy model. In this model, the R 
protein interacts with both the accessory protein and the effector (Collier and Moffett, 2009). 
This model proposes a two-step recognition event: the effector interacts with the accessory 
protein associated with an R protein, followed by the interaction between the effector and the 
R protein that triggers signalling (Collier and Moffett, 2009). This model has been 
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demonstrated by the studies on the tobacco R protein N. The active N protein (ATP-bound) 
binds to the cognate effector, the 50 kDa helicase domain (p50) of the tobacco mosaic virus, 
directly according to yeast two-hybrid assays (Ueda et al., 2006). In planta data showed this 
interaction is mediated by a tobacco accessory protein NRIP1, which binds both p50 and the 
TIR domain of N (Caplan et al., 2008). 
These models were proposed based on limited cases and ongoing research has revealed some 
recognition events cannot be described in this way. For example, in some cases, R proteins 
function in pairs to mediate effector recognition. The Arabidopsis R proteins RPS4 and RRS1 
are both required to recognize the bacterial effector AvrPps4 and the fungal effector PopP2 
(Narusaka et al., 2009). RPS4 interacts with RRS1 directly and the interaction is required for 
the effector recognition event (Williams et al., 2014). Upon effector binding, the RPS4 TIR 
domain is proposed to form a homodimer to activate signalling (Williams et al., 2014). 
 
Figure 1.3 Models of direct and indirect recognition of pathogen effectors by plant R proteins. (a) In 
the direct recognition model, the effector (green) physically binds to the receptor. (b) In the guard and 
decoy models, a host-generated accessory protein (red) is modified by the effector and the 
modification is recognized by the R protein. (c) In the bait model, interaction of an effector with an 
accessory protein facilitates direct recognition by the R protein. This image is taken from (Dodds and 
Rathjen, 2010). 
 
1.1.4 R protein activation 
As the activation of R proteins causes a series of signaling events in the plant cells that often 
results in cell death, they must be strictly regulated. The most widely accepted model of R 
protein activation proposes that in the absence of an effector, the R protein is autoinhibited, 
and the LRR domain and the ADP bound NBARC domain interact with the N-terminal 
I	  Introduction	  
 
 
10 
signaling domain (TIR or CC domain) to prevent signaling (Takken and Tameling, 2009). 
Effector recognition changes the interface between the LRR domain and the NBARC domain, 
leading to a more open conformation that allows nucleotide exchange in the NBARC domain 
(Takken and Tameling, 2009). ATP-bound NBARC domain switches to an “on” state and 
exposes the N-terminal TIR or CC domain to initiate defense signaling (Takken and Tameling, 
2009). For instance, the CC-NB-ARC fragments of the potato R protein Rx binds to the LRR 
domain and this interaction is disrupted in the presence of the cognate effector (Moffett et al., 
2002; Rairdan and Moffett, 2007).  
Exposure of the N-terminal TIR or CC domains can lead to R protein oligomerization, which 
appears to be essential for R protein signaling. For example, the TIR domain of flax R protein 
L6 self-associates and is autoactive, while non-autoactive L6 protein constructs including 
full-length protein and the NB-ARC domain do not self-associate, leading to a hypothesis that 
when triggered by the effector, L6 protein goes through conformational changes to expose the 
TIR domain for dimerization and activates the signaling (Bernoux et al., 2011). However, in 
some other cases, R proteins oligomerize even in the absence of an effector and the activation 
event requires changes in the intermolecular interface. For example, the barley CC-NB-LRR 
protein, MLA10, can self-associate in the absence of the effector (Maekawa et al., 2011). The 
self-association of MLA10 maps to its CC domain, but the activation of MLA10 still requires 
multidomian cooperation (Maekawa et al., 2011). 
Interestingly, in the cases whereby R proteins function as pairs, there is growing evidence to 
suggest that one R protein detects the effector while the other R protein is involved in 
signaling (Williams et al., Cesari et al., 2013; Cesari et al., 2014). For example in the case of 
Arabidopsis RPS4/RRS1, in the absence of the effectors AvrRps4/PopP2, RPS4 is repressed 
by RRS1 through heterodimerization (Williams et al., 2014). Upon binding of the effector 
AvRps4 or PopP2 to RRS1, negative regulation of RPS4 is released and RPS4 is then able to 
homodimerize and initiate the signaling pathway (Williams et al., 2014). 
In the last few years a number of labs have made important discoveries that enhance our 
understanding of R protein activation, however, in general we still lack significant insight into 
the molecular mechanisms that control repressed and activated R protein states. 
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1.1.5 Downstream signaling 
The downstream signaling events following R protein activation are also poorly understood. 
The R protein TIR and CC domains alone are capable of triggering defense responses 
(described in Section 1.1.2.3), suggesting that they serve as an interaction site for downstream 
signaling partners, however, the signaling partners remain elusive. Interestingly, in the 
mammalian innate immune system, Toll-like receptors (TLRs) utilize intracellular TIR 
domains to recruit TIR domain-containing adaptor proteins through direct TIR-TIR domain 
interactions (O'Neill and Bowie, 2007). However, to date no TIR domain adaptor proteins 
have been identified in R protein signaling. In fact, only a few proteins acting downstream of 
R proteins have been characterised. For example, EDS1 (enhanced disease susceptibility 1) is 
required for signaling of TIR-NB-LRR R proteins (Century et al., 1995; Wiermer et al., 
2005). EDS1 forms protein complexes with R proteins, including RPS4, and with negative 
immune regulator SRFR1 (suppressor of rps4-RLD1) (Bhattacharjee et al., 2011). The 
cognate effector AvRps4 disrupts the EDS1:RPS4 complex, where EDS1 targets RPS4 to the 
plant nucleus and activates defense responses  (Bhattacharjee et al., 2011; Heidrich et al., 
2011). However, it is still unclear how R proteins interact with these signaling proteins and it 
is presumed that the linking proteins are still to be identified. In addition, some R proteins, 
including Arabidopsis RPS4, tobacco N and barley MLA10, relocate to the host nucleus on 
activation and may interact directly with nuclear components to activate gene regulation 
(Wirthmueller et al., 2007; Burch-Smith et al., 2007; Shen et al., 2007), however, again the 
mechanism of relocation is unknown. Diverse pathways appear to function in parallel, linking 
R proteins to downstream signaling, further genetic and biochemical screening is required to 
identify essential components among them. 
Here, we target an Arabidopsis R-like protein “suppressor of npr1-1, constitutive 1” (SNC1). 
SNC1 belongs to the TIR-NB-LRR R protein family. Similar to RPS4, SNC1 requires nuclear 
accumulation to function (Cheng et al., 2009) and it associates with the corepressor SRFR1 
(Kim et al., 2010). SNC1 contributes to the resistance response to the bacterial effector 
AvrRps4 and is predicted to form a protein complex with RPS4 and SRFR1 in microsomal 
compartments (Kim et al., 2010). In addition, SNC1 also associates with a transcriptional 
corepressor called Topless-related 1 (TPR1) and the TIR domain of SNC1 can interact 
directly with TPR1 in vitro (Zhu et al., 2010). Molecular characterization of SNC1 will 
deepen our knowledge on both activation and signaling of R proteins. 
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1.1.6 Effector proteins  
Effector proteins are utilised by pathogens to aid colonisation in the plants, but they can also 
be recognised by R proteins, leading to resistance. Not surprisingly, the molecular 
mechanisms utilized by effectors are hotly pursued. Hotly investigated topics on the effectors 
include: How are effectors delivered into plant cells? How are effectors recognised by host R 
proteins? And what functions do effectors have in the pathogen virulence? 
Effectors are secreted by pathogens and targeted to the plant apoplast (the space 
outside the plant plasma membrane) or translocated into the plant cytoplasm. Effectors may 
be recognised by the host and activate host defence responses. They may also facilitate 
pathogen infection by suppressing host defences, manipulating host metabolism or gene 
expression, or other poorly defined functions. The recognition of effectors by host R proteins 
has been discussed in Section 1.1.3. This section will focus on the delivery and biological 
functions of effectors, especially the insights that have been uncovered by structural studies. 
1.1.6.1 Bacterial effector proteins 
Much of our understanding of effector function has been provided by the studies of bacterial 
phytopathogens. Bacterial effectors are highly regulated and secreted directly into the host 
cytoplasm by a dedicated needle structure. One example of such a structure is the type-III 
secretion system (T3SS) (Cunnac et al., 2009). Many bacterial effectors have molecular or 
enzymatic activities that interfere with proteins involved in PTI (Cunnac et al., 2009; Dodds 
and Rathjen, 2010). For example, Pseudomonas syringae, injects over 30 effectors into the 
host cell during infection, including AvrPtoB (Wirthmueller et al., 2013). AvrPtoB (also 
known as HopAB2) is a kinase inhibitor and interacts with several plant PRRs such as 
Arabidopsis CERK1 (Gimenez-Ibanez et al., 2009), tomato CERK1-related PRR Bti9 (Zeng 
et al., 2012) and the Arabidopsis PRR signaling partner BAK1, and disrupts the PRR-BAK1 
signaling complex formation to prevent PTI (Shan et al., 2008). Crystal structures and 
mutational studies have revealed three distinct domains in AvrPtoB, including two four-helix 
bundles followed by an E3 ligase domain (Figure 1.4A). The first helix bundle (AvrPtoB 121-
205) specifically binds the intracellular kinase domain of Arabidopsis CERK1 and blocks the 
CERK1-dependent defense responses, including pathogen chitin recognition (Gimenez-Ibanez 
et al., 2009). Chitin elicitation induces MAPK signaling that is independent of BAK1 
signaling, therefore inhibition of CERK1 extends the virulence activity of AvrPtoB 
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(Gimenez-Ibanez et al., 2009). The second helix bundle (AvrPtoB 250-359) is sufficient to 
interact and inhibit the BAK1 kinase domain (Cheng et al., 2011). Structural and in vitro 
assays revealed that the inhibition is achieved by competitive interference at the substrate-
binding site of BAK1 (Cheng et al., 2011). The C-terminal E3 ligase domain (AvrPtoB 436-
553) is structurally similar to eukaryotic U-box and RING-finger E3 ligases and interacts with 
the host E2 enzyme (Janjusevic et al., 2006). AvrPtoB mimics the host E3 ubiquitin ligases 
and uses host ubiquitin-mediated systems to target host immune kinases for degradation 
(Janjusevic et al., 2006). AvrPtoB is not recognized in Arabidopsis, however in tomato the 
Ser/Thr kinase Pto and the NB-LRR protein Prf recognize AvrPtoB through direct interaction 
with the first helix bundle of AvrPtoB (Kim et al., 2002). 
In addition to interfering with the host PTI response through direct protein interactions, 
bacterial transcription activator-like (TAL) effectors, hijack host gene transcription by 
directly binding to DNA in the host (Kay et al., 2007). TAL effectors consist of nuclear 
localization signals (NLSs), an acidic transcriptional activation domain and a central repeat 
region that specifically binds to the promoter region of the host target gene (Gurlebeck et al., 
2006). The Xanthomonas TAL effector AvrBs3 gains entry to the plant using the T3SS (Boch 
and Bonas, 2010). AvrBs3 binds to the promoter region of a host cell size regulator, upa20, 
and induces developmental reprogramming of the host cells to benefit the pathogen (Kay et 
al., 2007). Interestingly, AvrBs3 also binds to and activates the promoter region of the 
cognate R gene Bs3 in pepper, leading to R protein-mediate defence and disease resistance 
(Romer et al., 2007). 
1.1.6.2 Oomycete and fungal effector proteins 
Filamentous eukaryotic plant pathogens such as fungi and oomycetes also utilise effectors 
during infection, however unlike bacteria, most of their virulence functions and delivery 
mechanisms remain unclear (Panstruga and Dodds, 2009). Both oomycete and fungal 
effectors have a high level of genetic diversity and very few common features can been 
identified in their protein sequences to help predict biological functions (Bozkurt et al. 2012; 
Rafiqi et al., 2012). During infection, oomycetes and fungi penetrate the plant cell wall and 
develop specialized structures, such as hyphae and haustoria, to facilitate the translocation of 
effectors into the infected cells and ultimately nutrient acquisition (Bozkurt et al., 2012; 
Rafiqi et al., 2012). Most known oomycete and fungal effectors harbor N-terminal signal 
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peptides to transfer effectors outside the pathogen cell through a eukaryotic (type II) secretory 
pathway (Panstruga and Dodds, 2009). However, the molecular mechanisms of effector 
uptake by the plant cells are still unclear. 
The uptake of oomycete and fungal effectors 
Most known oomycete and fungal effectors contain a N-terminal uptake region for effector 
entry to host cells and an effector domain responsible for their biochemical function (Bozkurt 
et al., 2012). In oomycete effectors, some conserved motifs have been found in the uptake 
region, including the RXLR motif and the LXLFLAK motif. Studies with oomycete effectors 
Avr3a from Phytophthora infestans and Avr1b from P. sojae revealed conserved motifs with 
consensus sequence arginine, any amino acid, leucine, arginine (RXLR) that are present at the 
uptake regions of the proteins and mediate effector uptake by plants (Whisson et al., 2007; 
Dou et al., 2008). The RXLR motif of Avr1b binds to phosphatidylinositol-3-phosphate (PI3P) 
on the outer surface of the plant cell plasma membranes and mediates the effector entry 
through lipid raft-mediated endocytosis that is also identified in animal and human 
pathogenesis (Kale et al., 2010). However, the role of the RXLR motif remains controversial 
(Tyler et al., 2013; Yaeno and Shirasu, 2013). Recent investigations revealed that the effector 
domains of Avr3a and Avr1b are also involved in the phosphatidylinositol phosphates (PIPs) -
binding (Yaeno and Shirasu, 2013). The LXLFAK motifs are present in the uptake regions of 
the Crinkler (CRN) effectors, however, their mechanisms of translocation remain unknown 
(Schornack et al., 2010).  
The uptake of fungal effectors has also been reported to rely on N-terminal uptake regions; 
however, unlike the RXLR and CRN effectors in oomycetes, no clearly defined uptake motifs 
have been identified in fungal effectors. Transient expression of the secreted M. lini effectors 
AvrM and AvrL567 showed effector translocation and accumulation in the host cell cytosol 
was dependent on the N-terminus of the proteins and did not require the presence of the 
pathogen, suggesting that the proteins themselves have an inherent ability to translocate 
across the plant plasma membrane (Rafiqi et al., 2010). However, the N-terminal regions of 
AvrM and AvrL567 are not conserved (Rafiqi et al., 2010). AvrM, but not AvrL567 is 
capable of binding to PIPs; however, the AvrM PIP binding is not required for effector 
internalisation (Gan et al., 2010; Ve et al., 2013). 
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Interestingly, some powdery mildew effector candidates share an Y/F/WxC motif in the 
uptake region that may represent a specific uptake signal for this pathogen family (Godfrey et 
al., 2010; Spanu et al., 2010); however, no experimental data has been shown to support this 
hypothesis. Several Magnaporthe oryzae effectors are translocated into host cell through a 
unique pathogenesis structure, the biotrophic interfacial complex (BIC), which accumulates 
effector proteins and mediates the effector delivery (Khang et al., 2010). These observations 
indicate that fungal pathogens may have developed different delivery mechanisms for effector 
delivery. 
The function of oomycete and fungal effectors 
Little information is avalable about the effector domain of oomycete effectors. Several 
structures of the oomycete RXLR effectors have been published and most of them comprise a 
disordered RXLR uptake region and a three-α-helix fold effector domain, termed the WY 
domain (Boutemy et al., 2011; Yaeno et al., 2011; Win et al., 2012) (Figure 1.4B). With 
divergent sequences, the WY domains manage to maintain a conserved structural fold across 
different oomycete species (Win et al., 2012). The effector domains of CRN effectors target 
the host nucleus and accumulate in a specific sub-nuclear compartment (Schornack et al., 
2010; Stam et al., 2013). However, due to the high level of variation in the effector domains, 
no function or structure has been defined for the CRN effectors (Stam et al., 2013). 
Only a limited number of fungal effectors have been assigned functions. Like bacterial 
effectors, some have been found to suppress host immunity. For example, the Ustilago 
maydis effector chorismate mutase Cmu1 is secreted during infection of maize tissues. Cmu1 
translocates into cells and manipulates their metabolic status by interacting with the maize 
chorismate mutase ZmCm2. This ultimately leads to a decrease in salicylic acid (a key 
hormone in plant defence) biosynthesis (Djamei et al., 2011). In addition, screening of the 
Colletotrichum higginsianum transcriptome revealed over 100 effector candidates (ChECs), 
several of which were found to reduce necrosis in plant tissues when transiently co-expressed 
with cell death-inducing proteins (Kleemann et al., 2012). Like bacterial and oomycete 
effectors, some fungal effectors were reported to target to the host nucleus and may play a 
role in manipulating host gene expression. For example, Kemen et al. (2005) reported the 
accumulation of Uromyces fabae effector RTP1 in the host nucleus. The activities of fungal 
effectors in the host nucleus are still unclear. Wang et al. (2007) showed the M. lini effectors 
I	  Introduction	  
 
 
16 
AvrL567-A and -D bind to DNA; however, a link between binding and protein function could 
not be established. Interestingly some apoplastic effectors have been shown to accumulate in 
the interface between the fungal cell wall and the plant cell plasma membrane, in order to 
prevent host recognition of PAMPs by PRRs (de Jonge et al., 2010; Hemetsberger et al., 2012; 
Mentlak et al., 2012). 
Three distinct structures of fungal effectors have been reported, including M. lini effectors 
AvrL567 (Wang et al., 2007) and AvrM (Ve et al., 2013), and M. oryzae effector AvrPiz-t 
(Zhang et al., 2013) (Figure 1.4C). All structures have very low structure similarity scores 
with other known structures and their biological functions could not be deduced from 
structural insights. Direct interactions with the cognate R proteins have been shown for 
AvrL567 and AvrM using yeast two-hybrid assays (Dodds et al., 2006; Catanzariti et al., 
2010). Both AvrL567 and AvrM gene loci encode multiple polymorphic proteins (Dodds et al. 
2004; Catanzariti et al., 2006). Mapping of the polymorphic residues on the structures, 
combined with mutagenesis studies, showed the polymorphic regions distributed across the 
surface of the effectors and corresponded to regions mediating specific recognition by the R 
proteins (Wang et al., 2007; Ve et al., 2013). 
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Figure 1.4 Domain organization and structures of effector proteins. In each section, the schematic 
representations of domain organizations are shown in the top panel, and the cartoon representations of 
protein structures are shown in the lower panel. The helices in the structures are shown as cylinders. 
N-termini and C-termini are labelled with N and C, respectively. (A) Bacterial effector AvrPtoB. 
AvrPtoB contains an N-terminal signal peptide, two helix-bundles and an E3 ligase domain. (B) 
Oomycete effector Avr3a11. Avr3a11 contains an uptake region, including the signal peptide and the 
RXLR motif, and an effector domain. The effector domain of Avr3a11 (PDB ID 3ZR8) is a three-α-
helix fold WY domain. (C) Fungal effectors AvrM and AvrL567. Fungal effectors contain N-terminal 
signal peptides and effector domains. The effector domains of AvrM-A (PDB ID 4BJN) and AvrL567-
A (2OPC) are shown in the lower panel.  
A 
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1.1.7 Flax - flax rust interaction 
M. lini (flax rust) is a rust fungus that infects Linum usitatissimum (flax), and is the causative 
agent of rust diseases in flax (Ellis et al., 2007). The interaction between the rust effectors and 
flax R proteins has been intensively studied and led Flor to develop the first model of the 
gene-for-gene interaction (Flor, 1956). Genetic studies of the flax-flax rust interaction 
identified a number of R genes in the host plant and pathogenicity genes in the rust pathogen. 
Five loci containing R genes have been identified, including K, L, M, N and P, which encode 
various specificities (Ellis et al., 2007). Among the five loci, L, M, N and P have been cloned 
and all of them encode R proteins of the TIR-NB-LRR family (Ellis et al., 2007). The 
identified pathogenicity genes from rust include avirulence (Avr) and inhibitor of avirulence 
genes (I). Avr genes have been cloned from four loci in flax rust (L, M, P and P4) and encode 
small secreted proteins with no similarity between the loci and no close homologs in current 
databases (Dodds et al., 2004; Catanzariti et al., 2006).  
The first flax rust avirulence effector identified was AvrL567, a protein recognized by the L5, 
L6 and L7 R proteins (Dodds et al., 2004). Later, the screening of a haustorium-specific 
cDNA library identified other secreted rust effector proteins, including AvrM, AvrP4, 
AvrP123 and AvrP (Catanzariti et al., 2006; Ellis et al., 2007). AvrM was shown to directly 
interact with the R protein M, using yeast two-hybrid assays (Catanzariti et al., 2010). 
AvrP123 and AvrP show homology to known proteins containing a Kazal Ser protease 
inhibitor signature (Catanzariti et al., 2006). Currently the function of the AvrP proteins is 
unknown, however, their virulence function is expected to be within the plant cell (Koeck et 
al., 2011).  
Despite the importance of the flax-flax rust model, the molecular mechanism behind it is not 
completely understood. To further investigate the rust fungal pathogenicity mechanisms, the 
AvrP flax rust effectors have been selected for functional and structural studies. It is 
anticipated that this work will also advance the understanding of R-Avr interaction and 
regulation. 
 
I	  Introduction	  
 
 
19 
1.2 Animal innate immunity 
Animals use mechanisms in their innate immune systems that are similar to those used in 
plant innate immunity (Figure 1.5). A family of conserved transmembrane Toll-like receptors 
(TLRs) functions as PRRs for recognition of PAMPs from pathogens, ultimately resulting in 
the nuclear translocation of NF-κB-like transcription factors. This leads to the production of 
antimicrobial peptides and signaling molecules such as cytokines. In addition to the 
transmembrane TLRs, animals have cytosolic PRRs, referred to as Nod-like receptors (NLRs) 
(Ausubel, 2005). The NLR proteins recognise PAMPs within the host cell and activate the 
expression of proinflammatory cytokines and antimicrobial peptides, and in some cases 
pyroptosis (Maekawa et al., 2011). The NLRs can also respond to damage-associated 
molecular patterns (DAMPs), in particular membrane damage (Maekawa et al., 2011). 
 
 
 
 
 
 
 
Figure 1.5 The principles of innate immunity in animals (adapted from (Maekawa et al., 2011)). 
PAMPs and DAMPs are recognized by cell surface TLRs and intracellular NLRs, leading to cytokine 
response and pyroptosis. The transmembrane TLRs contain extracellular LRR domains (green) and 
intracellular TIR domains (orange). The NLRs consist of central NB domains (blue), followed by C-
terminal LRR domains (green). The N-terminal domains (orange) of NLRs are diverse. 
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1.2.1 TLR signaling pathways and TIR domain-containing adaptors 
The TLRs recognise invading pathogens and initiate innate immune responses. The TLR 
signaling protects the host from diverse diseases and has therefore been an attractive target for 
immunological and therapeutic research. TLRs are transmembrane proteins consisting of an 
extracytoplasmic LRR domain to recognise PAMPs and a cytoplasmic TIR domain, which 
relay the recognition signal within the cell. Upon recognition of PAMPs, TLRs form dimers 
and recruit a set of intracellular TIR domain-containing adaptor proteins (adaptors) through 
TIR-TIR domain interaction (Figure 1.6A) (O'Neill and Bowie, 2007). 
The TIR domain-containing adaptor family consists of five members (Figure 1.6A): MyD88 
(myeloid differentiation primary response gene 88), MAL (MyD88 adaptor-like protein), 
TRIF (TIR domain-containing adaptor protein inducing interferon-β), TRAM (TRIF-related 
adaptor molecule) and SARM (sterile α- and armadillo-motif-containing protein) (O'Neill and 
Bowie, 2007). Similar to the TLRs, the TIR domain-containing adaptors are conserved across 
many species and have significant roles in both host-pathogen confrontation and co-evolution 
(O'Neill and Bowie, 2007). Activating functions have been well defined in four TIR domain-
containing adaptors: MyD88, Mal, TRIF and TRAM, while the function and signaling 
pathway of SARM is still under investigation. MyD88 is recruited to the TIR domains in all 
TLRs except TLR3, which leads to the activation of transcription factors, including nuclear 
factor-κB (NF-κB) and interferon-regulatory factors (IRFs) (Jenkins and Mansell, 2010). 
MAL and TRAM are both bridging adaptors. MAL recruits MyD88 to TLR2 and TLR4, 
leading to the activation of NF-κB and mitogen-activated protein kinases (MAPKs) 
(Fitzgerald et al., 2001), while TRAM recruits TRIF to TLR4 for IRF3 and NF-κB activation 
(Kagan et al., 2008). 
B A 
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Figure 1.6 The TLR signaling pathway and its regulators. (A) TLR signaling pathway. TLR signaling 
is regulated by both intracellular and transmembrane TIR domain-containing adaptors. SARM is a 
negative regulator. The image is taken from (O'Neill and Bowie, 2007). (B) Domain organization of 
SARM. SARM contains N-terminal armadillo motifs (ARM), two sterile α motif (SAM) domains and 
a C-terminal TIR domain. 
 
1.2.2 SARM functions and roles of the subdomains 
1.2.2.1 SARM in the immune response 
The function of SARM has been hotly pursued. SARM contributes to the immune response 
against bacteria, fungi and viruses. For instance, a Caenorhabditis elegans ortholog of SARM, 
TIR-1, partly controls the gene expression of two antimicrobial peptides NLP-29 and NLP-31, 
and inactivation of the TIR-1 gene causes increased worm susceptibility to fungal and 
bacterial infections (Couillault et al., 2004). When the horseshoe crab (Carcinoscorpius 
rotundicauda) was infected by Pseudomonas aeruginosa, SARM expression rapidly increases 
within 3 h and is strongly repressed at 6 h, coinciding with the timing of bacterial clearance 
(Belinda et al., 2008). While in the central nervous system (CNS) cells of mice treated with 
A 
B 
I	  Introduction	  
 
 
22 
the West Nile virus (WNV), the absence of functional SARM leads to increased viral 
replication and reduced levels of tumor necrosis factor alpha (TNF-α), resulting in more 
neuronal death (Szretter et al., 2009). 
The molecular function of SARM in TLR signaling is, however, still debatable. Although 
considered as a TLR adaptor, SARM initially was believed to function independently of the 
TLR, as C. elegans did not require the TLR ortholog TOL-1 for producing antimicrobial 
peptides (Couillault et al., 2004). Furthermore, expression of human SARM in mammalian 
cells did not induce expression of NF-κB or IRF3-dependent reporter genes that are activated 
by TLR signaling (Liberati et al., 2004). Carty et al. (2006) instead showed that SARM is 
involved in the TLR signaling as a negative regulator of TRIF. Expression of human SARM 
in human cell lines suppressed the TRIF-induced activation of NF-κB and IRF3, while 
silencing of the SARM gene led to enhanced TRIF-dependent gene induction (Carty et al., 
2006). Early research suggested the inhibitory function of SARM was limited to TRIF-
signaling and had no effect on MyD88 and TNF-α signaling, as the MyD88-mediated 
interleukin-L8 (IL-8) and IL-1α signaling; and NF-κB production from MyD88 and TNF-
α expression were not affected by SARM (Carty et al., 2006; Belinda et al., 2008). However, 
more recent research revealed that SARM may also mediate MyD88 signaling or directly 
associate with downstream transcription factors and kinases. In human embryonic kidney 293 
cells, expression of SARM represses the TRIF- and MyD88- mediated pathways, as well as 
the basal MAPK activity, indicating that SARM not only inhibits TRIF and MyD88, but also 
directly inhibits MAPK phosphorylation (Peng et al., 2010). Furthermore, in contrast to 
previous hypotheses that SARM has no effect on MyD88-mediated IL-1α signaling, co-
expression of amphioxus (fish-like marine chordates) MyD88 and SARM results in the 
inhibition of production of IL-8 (solely mediated via MyD88), and IL-1α-induced NF-κB 
activation (Yuan et al., 2010). Amphioxus SARM contains a TRAF6-binding motif, which 
has not been identified in other SARM orthologs (Yuan et al., 2010), therefore the function of 
SARM may not be conserved through different species. Together, these findings demonstrate 
the complexity of SARM function and support further investigation of SARM functions in 
TLR signaling. 
The detailed mechanism of SARM inhibitory function in TLR signaling has not been 
elucidated, however direct protein-protein interactions are likely involved. SARM consists of 
N-terminal armadillo motifs (ARM), two sterile α motif (SAM) domains and a C-terminal 
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TIR domain (Figure 1.6B). SARM also presents a high degree of sequence similarity across 
mammals, Drosophila melanogaster and C. elegans (Mink et al., 2001; O'Neill et al., 2003). 
The TIR domain and the two SAM domains are both necessary and sufficient to inhibit TRIF 
signaling in C. elegans and human cells (Carty et al., 2006; Peng et al., 2010). The TIR 
domain of SARM directly interacts with the TIR domain of TRIF (Carty et al., 2006; Yang et 
al., 2011). The SAM domains are predicted to recruit another signaling partner through SAM-
SAM interactions, however no experimental data is available to support this hypothesis. The 
N-terminal region including the ARM motifs mediates the subcellular localization of SARM 
and regulates the function of TIR and SAM domains, as the N-terminal region enhanced LPS-
induced expression of SARM in C. elegans (Carty et al., 2006) and the truncation of this 
region changes the subcellular localization of SARM in human cells (Peng et al., 2010). 
Compared to other animal TIR domains, the TIR domain of SARM is more closely related to 
bacterial TIR domain-containing proteins, possibly as a result of a lateral gene transfer from 
bacteria to animals (Zhang et al., 2011). The bacterial TIR domain-containing proteins are 
involved in regulating eukaryotic immune responses during infection. For example, Brucella 
TcpB has been shown to mimic the functions of MAL and targets MAL for degradation 
(Radhakrishnan et al., 2009). TcpB is able to directly interact with MAL, MyD88 and TLR4, 
and such ability enables TcpB to disrupt the interaction between MAL and TLR4 by 
competitive binding (Alaidarous et al., 2014). This downregulation mechanism was possibly 
adapted by the eukaryotes from bacteria. 
 
1.2.2.2 SARM in neurodegeneration 
The TLR signaling is involved in neurodegeneration (Arroyo et al., 2011). As a TLR 
signaling regulator, SARM may also regulate these pathways, however SARM may also be 
involved in TLR-independent regulatory mechanisms and shows unique neuronal functions 
that have not been identified for other TIR domain-containing adaptors. 
Axon degeneration is a special self-destructive pathway that degrades injured or unnecessary 
axons to maintain neuronal homeostasis and avoid diseases (Gerdts et al., 2013). SARM is 
preferentially expressed in neurons (Kim et al., 2007) and is required for targeting injured 
axons for degeneration (Osterloh et al., 2012). Two possible signaling pathways of SARM in 
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neurodegeneration have been proposed, the MKK-JNK pathway and the cytokine pathway 
(Lin and Hsueh, 2014). The C. elegans TIR-1 interacts with a homologue of mammalian 
JNK3 (MAPK10 isoform-3) in yeast two-hybrid screens (Couillault et al., 2004). In mammals, 
co-expression of JNK3 and mouse SARM showed that SARM associates with JNK3 and 
recruits it to the mitochondrial compartment in neural cells (Kim et al., 2007). In the cytokine 
pathway, SARM regulates the expression of antiviral cytokines and inflammatory cytokines 
in the mouse brain, most likely through the TLR signaling pathway (Lin et al., 2014). 
Consistent with the SARM function in TLR signaling, the SAM domain and the TIR domain 
are both necessary and sufficient to promote axon degeneration, and the N-terminal region 
negatively regulates the SARM function to prevent SARM from autoactivation (Gerdts et al., 
2013). SARM self-associates through its SAM domain and this self-association is required for 
promoting axon degeneration (Gerdts et al., 2013). The SAM domain seems to play a central 
role in SARM self-association and bring the adjacent TIR domain closer to initiate signaling. 
Similar functions of SAM domains have been found in other neuronal function-related 
proteins, such as Caskin1 (CASK-interacting protein 1). The tandem SAM domains of 
Caskin1 polymerize and form a fibrous structure that links the attached CASK 
(calcium/calmodulin-dependent serine protein kinase) proteins to the synaptic vesicles 
(Stafford et al., 2011). The tandem SAM domain in SARM may also serve as a scaffold for 
protein-protein interactions.  
 
1.2.2.3 SARM in apoptosis 
SARM has been shown to prevent organisms from death during microbial infection (see 
Section 1.2.2.1). There are emerging studies showing that SARM has roles in apoptosis; 
however, the detailed function of SARM in apoptosis is still controversial, as both pro- and 
anti- apoptotic functions have been found for SARM. Expression of SARM in mouse T-cells 
showed mitochondrial localization and promoted apoptosis of T-cells following influenza 
infection (Panneerselvam et al., 2013). The pro-apoptosis function of SARM maps to the 
SAM and TIR domains, and the N-terminal region is responsible for mitochondrial 
localization and clustering (Panneerselvam et al., 2013). Summers et al (2014) recently linked 
SARM’s function in axon degeneration to programmed cell death and suggested the SARM-
mediated cell destruction process is unique from canonical apoptosis. However, when 
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expressed in human embryonic kidney cells, SARM was translocated to the nuclear lamin and 
protected the lamin from apoptotic degradation in response to TNF-α induction (Sethman and 
Hawiger, 2013). The ARM domain mediated the nuclear localization and the anti-apoptotic 
function was dependent on the SAM domain (Sethman and Hawiger, 2013). The role of 
SARM in apoptosis may be species- (eg, mice and humans) and inducer- (eg, viral infection 
or TNF-α induction) dependent. 
Despite the important functions of SARM, no structural information is currently available. 
Structural and functional studies of SARM and its subdomains will lead to a more 
comprehensive understanding of the regulation of TLR signaling, as well as neuron 
degeneration and apoptosis. 
 
1.3 Research aims 
This project is relevant both to medicine and agriculture, as it combines the studies on 
signaling components from both human and plant innate immune pathways. The work on 
plant proteins is relevant to crop protection from plant diseases. The plant immune response 
in disease resistance has been studied for some time now and several key resistance proteins 
and protein interactions have been identified; however, the molecular mechanisms involved 
are poorly understood. This project will aim to achieve a deeper understanding of plant 
disease resistance at a molecular and structural level, which may assist the engineering of 
future novel and more effective disease resistance strategies. 
The plant innate immunity study will have two main aims: 
1. Investigation of the structural basis of TIR domain function: constructs encompassing the 
TIR domains from the Arabidopsis R protein SNC1 will be produced, and their potential for 
crystallographic studies will be investigated, followed by biochemical studies to determine 
the function of each component in R protein activation and regulation.  
2. Structural characterization of the function of flax rust effector proteins in promoting 
disease and their interaction with R proteins: the flax rust effector protein AvrP, AvrP123 and 
AvrP4 will be produced and crystallized. Their structures will be solved by X-ray 
crystallography and their interactions with corresponding R proteins will be investigated. 
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The work on the animal innate immune pathways will involve structural analysis of TIR 
domain-containing adapter proteins and their associations. This outcome will help to build a 
detailed mechanistic model of TLR signaling. In terms of medical significance, the study may 
lead to strategies to design inhibitors of the interactions between TIR domain-containing 
proteins, which may find use as anti-inflammatory agents. The specific aims of the animal 
innate immunity study will include: 
3. Investigation of the molecular basis of negative regulation of the TLR signaling by TIR 
domain-containing protein SARM: constructs containing full-length SARM and subdomain 
fragments will be produced and their structures will be solved by X-ray crystallography. The 
potential of functional studies will also be investigated. 
All the aims above will be achieved by similar approaches. Suitable expression constructs 
will be identified using bioinformatics methods and made by cloning into corresponding 
vectors for expression in E. coli. The proteins will be purified by chromatography and 
structures determined by X-ray crystallography. Interactions will be characterized using pull-
down assays, multi-angle light scattering, yeast two-hybrid and other complementary 
techniques. 
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Chapter 2 Methods 
2.1 Vectors and gene constructs 
To obtain soluble and stable proteins after expression and purification, expression constructs 
were designed according to amino acid sequence alignments, protein secondary structure 
prediction and domain boundaries from known protein structures. This was facilitated 
utilizing software developed in the lab (CONSTRUCTS-Jonathan Ellis) and ProteinCCD 
(Mooij et al., 2009), computational tools that help with primer design. For cytoplasmic 
production in Escherichia coli, the cDNA of the protein was generally cloned into the 
pMCSG7 vector using ligation-independent cloning (LIC) (Eschenfeldt et al., 2009; Stols et 
al., 2002). The resulting constructs contained an N-terminal hexahistidine (His) -tag followed 
by a TEV (tobacco etch virus) protease cleavage site. The TEV protease cleavage site enables 
His-tag removal during purification. For periplasmic protein production in E. coli, the gene 
fragments were cloned into the pLIC vectors (Choi and Lee, 2004) using LIC. The pLIC 
vector results in a protein containing an N-terminal periplasmic signal peptide, followed by a 
His-tag, a maltose-binding protein (MBP) tag, and a TEV protease cleavage site. To produce 
protein with the glutathione S-transferase (GST) -tag for pull-down assays, the gene 
fragments were cloned into the pMCSG10 vector (Eschenfeldt et al., 2009) using LIC, 
resulting in constructs containing an N-terminal His-tag, a GST-tag and a TEV protease site. 
 
2.2 Protein production and purification 
In general, the protein was expressed in E. coli BL21(DE3) cells using the auto-induction 
method (Studier, 2005) on a 3 l scale. The cells were grown at 37 °C with shaking until the 
cultures reached an OD600 of 0.6-1.0. The temperature was then reduced to 20 °C and the 
cultures were grown for further 16 h before harvesting. The cells were harvested by 
centrifugation at 6,000 × g for 10 min at 4 °C. Cell pellets were resuspended in the prechilled 
lysis buffer (50 mM HEPES, pH 8, 300 mM NaCl, 1 mM DTT) at a ratio of 5 ml buffer per 1 
g of pellet. Phenylmethylsulfonyl fluoride (PMSF) solution was added to the cell suspensions 
at a final concentration of 1 mM. Cell suspensions were lysed by sonication for 120 s (20 s 
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pauses after each 10 s sonication). The cell debris was removed by centrifugation at 25,000 × 
g for 40 min at 4 °C. A 5 ml nickel affinity (NiA) column (Histrap, GE Healthcare) was pre-
equilibrated with the wash buffer (lysis buffer containing 30 mM imidazole). Supernatant 
from the cell lysate was loaded onto the pre-equilibrated column and washed with 100 ml of 
the wash buffer. The protein of interest was eluted from the NiA column using a gradient 
elution method, whereby the percentage of the elution buffer (lysis buffer containing 250 mM 
imidazole) was increased from 0 to 100% in 100 ml. Fractions were analysed for the protein 
of interest by SDS-PAGE. Fractions containing the protein of interest were pooled and the N-
terminal His-tag was removed by dialysis overnight with His-tagged TEV protease at 4 °C. 
The remaining uncleaved protein and the His-tagged TEV protease were removed by running 
the sample through the NiA column. The protein was further purified by size-exclusion 
chromatography (SEC). The protein sample was loaded onto a size-exclusion column 
(Superdex 200 PG column or Superdex 75 PG column, GE Healthcare) that was pre-
equilibrated with the equilibration buffer (10 mM HEPES, pH 8, 150 mM NaCl, 1 mM DTT). 
Fractions within the OD280 peak were collected and characterized by SDS-PAGE. The peak 
fractions were mixed in one tube and concentrated to 10 mg/ml. The protein was stored in 
aliquots at -80 °C for further studies. 
The purity of the protein samples was analyzed using SDS-PAGE and the protein 
concentrations were determined using NanoDrop (Thermo Scientific) with absorbance at 280 
nm. The SDS-PAGE experiments were conducted using a modified protocol based on 
Laemmli (1970). SDS gels consisting of 12%-14% acrylamide (37.5:1 
acrylamide:bisacrylamide) were prepared according to the molecular weight of the analyzed 
protein. Electrophoresis was conducted at 200 volts and the gels were stained using 
Coomassie blue staining. 
 
2.3 Small-scale protein expression test 
The cells were grown as described in Section 2.1 on a 50 ml scale and were harvested by 
centrifugation at 6000 × g for 20 min and resuspended in 4 ml lysis buffer. A PMSF solution 
was added to a final concentration of 1 mM and the cells were lysed by sonication for 30 s (20 
s pauses after each 10 s sonication). The lysate was centrifuged at 25,000 × g for 10 min and 
the supernatant was collected. The His-tagged proteins in the lysate were immobilized using 
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NI-NTA agarose beads (QIAGEN) and centrifugation. The beads were washed with the wash 
buffer to remove the un-bound proteins and the proteins of interest were eluted in the elution 
buffer (Section 2.2). Samples were collected from the cell crude, the supernatant of the lysate 
and the elution. All the samples were tested by SDS-PAGE. 
 
2.4 Production of selenomethionine-labeled protein 
To produce selenomethionine (SeMet) labeled proteins for crystallographic studies, the 
construct was transformed into E. coli B834 (DE3) (methionine- auxotroph) cells (Novagen) 
and the cells were grown in the M9 medium supplemented with 0.2 mM SeMet. The cultures 
were grown at 37 °C until the OD600 reached 0.6. To induce protein expression, IPTG 
(isopropyl β-d-1-thio- galactopyranoside) was added to the cultures to a final concentration of 
1 mM and the temperature was reduced to 20 °C. The cultures were then grown for further 16 
h before harvesting by centrifugation. The SeMet labeled proteins were purified as described 
in Section 2.2  
 
2.5 Crystallization and structure determination 
Crystals of the proteins were obtained by hanging-drop vapor diffusion. Initial screening was 
conducted in 96-well plates (LabTech) at 18 °C. Eight commercial screens were utilized, 
including Index, PEG/Ion and PEGRx (Hampton Research), Morpheus, ProPlex, JCSG+ and 
Pact Premier (Molecular Dimensions), and Precipitant Synergy (Emerald Biosystems). 
Hanging drops consisting of 100 nl of protein solution and 100 nl of reservoir solution were 
set using a Mosquito robot (TTP LabTech, UK) and were equilibrated against 100 µl of 
reservoir solution. The drops were monitored and imaged using the Rock Imager system 
(Formulatrix, USA). Conditions from the initial crystallization screens that yielded crystal hits 
were optimized and diffraction-quality crystals were obtained. Crystals were transferred to the 
mother liquor containing cryoprotectants (eg. 25% (v/v) ethylene glycol), prior to flash-
cooling in liquid nitrogen mounted in nylon loops (Hampton Research) or MiTeGen loops 
(Mitegen). 
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X-ray diffraction data were collected at the MX1 and MX2 beamlines at the Australian 
Synchrotron using the Blu-Ice software (McPhillips et al., 2002). The datasets were processed 
using XDS (Kabsch, 2010) and scaled using Aimless (Evans and Murshudov, 2013) in the 
CCP4 suite (Winn et al., 2011). Molecular replacement (MR) and multi-wavelength 
anomalous dispersion (MAD) were used to determine the protein structures. For MR, the 
templates were adjusted using Chainsaw (Stein, 2008) in the CCP4 suite and the structure was 
determined using Phaser (McCoy et al., 2007) in the Phenix suite (Adams et al., 2010). For 
MAD phasing, the structure was solved using the Crank pipeline (Pannu et al., 2011) in the 
CCP4 suite (Winn et al., 2011). The Crank pipeline ran the following steps: Truncate / Scaleit 
(Collaborative Computational Project, 1994) to scale the data sets, AFRO to determine 
normalized FA values, Crunch2 for heavy atom location (de Graaff et al., 2001), BP3 for 
refinement and phasing, Solomon (Skubak et al., 2010) for hand determination and density 
modification, and Buccaneer (Cowtan, 2006) for model building. The model was then rebuilt 
using ARP/wARP (Langer et al., 2013) in the CCP4 suite or Autobuild (Terwilliger et al., 
2008) in the Phenix suite, and refined using Phenix.Refine (Afonine et al., 2012) in the 
Phenix suite and BUSTER-TNT (Blanc et al., 2004). Structure validation was performed 
using MolProbity (Davis et al., 2004). Structure analyses were performed using Coot (Emsley 
et al., 2010), PyMOL (http://www.pymol.org/; DeLano Scientific LLC), PDB2PQR 
(Dolinsky et al., 2007), APBS (Baker et al., 2001), Consurf (Ashkenazy et al., 2010), Dali 
(Holm and Rosenstrom, 2010), PDBeFold (Krissinel and Henrick, 2004), and PISA (Krissinel 
and Henrick, 2007). 
 
2.6 Molecular modeling and docking 
The molecular model of AvrP123 was built using the AvrP structure as the template using the 
program Modeller (Fiser et al., 2000). Models of the LRR domain of the P protein (P-LRR) 
and the SAM domain of SARM were generated by the I-Tasser server (Zhang, 2008). 
Computational protein docking was used to generate a model of AvrP interacting with P-
LRR. The LRR model from I-Tasser was submitted to Z-dock server (Pierce et al., 2014) as a 
receptor and the AvrP structure was submitted as a ligand. The best docking model was 
selected from the top five models and analyzed using PyMol (DeLano Scientific LLC). 
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2.7 Multi-angle light scattering (MALS) 
The solution properties of the desired proteins were tested using MALS coupled with size-
exclusion chromatography (SEC-MALS). The protein samples were loaded onto a Superdex 
200 10/300 size-exclusion column (GE Healthcare), connected with a Dawn Heleos II 18-
angle light-scattering detector and an Optilab rEX refractive index detector (Wyatt 
Technology, Santa Barbara, CA, USA). The experiments were performed at room 
temperature with the equilibration buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM 
DTT) and a sample volume of 100 µl. The molecular masses of the proteins were calculated 
using the Astra 5.3 software (Wen et al., 1996). 
 
2.8 Ellman’s test and metal binding assay 
The Ellman’s test was used to detect the free thiol content of the proteins (Ellman, 1958). The 
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent) solution was prepared in the 
reaction buffer (6 M guanidine-HCl, 50 mM Tris-HCl, pH 7.6, 1 mM EDTA) to a DTNB 
concentration of 10 mM. The protein samples were diluted in 100 µl of the reaction buffer, 
pH 8.3, to a final concentration of 50 µM thiols and added to 2 µl of the DTNB solution. The 
DTNB was cleaved by the thiol and the absorbance of the generated 2-nitro-5-thiobenzoic 
acid (NTB) was measured at 412 nm. 
The 4-(2-pyridylazo)resorcinol (PAR) metal binding assay was used to detect the presence of 
metals in the protein sample (Hunt et al., 1985; Sabel et al., 2009). The PAR solution was 
prepared in the reaction buffer (50 mM HEPES, pH 7.4, 4 M guanidine-HCl ) to a PAR 
concentration of 1 mM. The proteins were denatured in the reaction buffer with boiling. And 
PAR solution was added to a final concentration of 50~100 µM. The uncomplexed PAR 
displays an absorption peak at 416 nm and the PAR:metal complex shows an absorption peak 
at 497 nm. 
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2.9 Yeast two-hybrid assays 
The genes encoding the desired proteins were cloned into the pGBT9 and pGAD7 vectors 
(Clontech) for yeast two-hybrid assays. The yeast transformation and growth experiments 
were performed according to the Yeast Protocols Handbook (Clontech). All yeast 
transformants were grown on minimal media lacking tryptophan and leucine (-TL) to select 
for the presence of both vectors, and on minimal media lacking histidine, tryptophan and 
leucine (-HTL) to test the activation of the reporter gene. 
 
2.10 Transient in planta expression assays 
Nicotiana benthamiana plants were grown in a growth chamber at 22 °C under a 16-h/8-h 
light/dark cycle. The genes encoding the desired constructs were cloned into pDONR209 
vectors containing an N-terminal YFP or Myc tags. Agrobacterium cultures containing the 
vectors were grown overnight at 28 °C in LB media with appropriate antibiotic selections. 
The cells were pelleted and prepared at a density of OD600 = 1.0 in the infiltration mix (10 
mM MgCl2, 200 µM acetosyringone), followed by incubation at room temperature for 2 h. 
The infiltration mix was infiltrated into leaves of 3-week-old N. benthamiana with a 1 ml 
needleless syringe. The infiltrated plants were incubated in the growth chamber for cell-death 
assays and co-immunoprecipitation experiments, with the condition cited above. 
 
2.11 Co-immunoprecipitation 
Sample tissue was collected from the infiltrated N. benthamiana leaves and immediately 
frozen using liquid nitrogen. The tissue was ground with a pestle and proteins were extracted 
in the extraction buffer (5% glycerol, 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
10 mM DTT, 1 mM PMSF, and 0.1% Nonidet P-40, protease inhibitor cocktail [Roche] and 
0.5% polyvinylpolypyrrolidone (PVPP)). For anti-GFP immunoprecipitation experiments, the 
magnetic GFP-trap_M beads (Chromotek) (7 µl per protein sample) were prewashed and 
resuspended in 105 µl of the protein extraction buffer. The bead slurry was added to the 
protein extract and incubated for 2 h at 4 °C with gentle rotation. Beads were magnetically 
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captured and washed with the protein extraction buffer (without PVPP). The bound protein 
was eluted from the beads by boiling for 10 min at 95 °C in 100 µl of the Laemmli buffer. 
The samples were then tested using SDS-PAGE and immunoblotting. 
 
2.12 Nucleic acid-binding assays 
The probes were prepared as described (Kwan et al., 2003). The binding reaction with a total 
volume of 30 µl contained 6 nM 32P-labeled probe, 0.1~15 µM AvrP proteins, 10 mM MOPS 
pH 7.0, 50 mM KCl, 5 mM MgCl2, 1mM DTT, 10% (v/v) glycerol and 0.03 µg/µl heparin. 
After 30 min of incubation on ice, the binding reactions were analyzed by electrophoresis at 4 
°C for 150 min at 250 V on 6% native polyacrylamide gels. The gels were analyzed using a 
PhosphorImager (Molecular Dynamics). 
 
2.13 Lipid-binding assays 
Phosphoinositide (PIP) -binding assays were performed using GST-tagged proteins and PIP 
strips from Echelon Biosciences. The PIP strips were blocked in PBS (10 mM phosphate 
buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4) with 4% nonfat 
milk overnight. The strips were rinsed and incubated with PBS with 0.25 µg/ml of purified 
GST-fusion proteins for 3 h at room temperature. GST was used as negative control and the 
PIP-binding protein AvrM as a positive control. The strips were then washed three times for 
10 min each and incubated in PBST (PBS with 0.1% (v/v) Tween-20) with anti-GST 
antibodies (GE Healthcare, 1:1000 dilution) for 1 hour. The blots were rinsed, and the bound 
proteins were detected with an anti-goat IgG-alkaline-phosphatase conjugate (Sigma, 1:2000 
dilution, 1 hour incubation) using nitroblue tetrazolium (NBT)/BCIP (Sigma) as a substrate. 
 
2.14 Glutathione S-transferase (GST) pull-down assays 
The GST-tagged proteins were cloned and purified as described in Sections 2.1 and 2.2. The 
glutathione agarose beads (Scientifix) were pre-washed with the wash buffer (10 mM HEPES, 
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pH 7.4, 150 mM NaCl and 1 mM DTT). To bind to the GST-tagged proteins, 50 µl of the 
beads were added to 300 µg of each bait protein and incubated for 1 h at 4 °C with gentle 
rotation. The beads were then washed with the wash buffer and bound proteins were eluted 
into 50 µl of the SDS-PAGE buffer (225 mM Tris (pH 6.8), 50% v/v glycerol, 5% w/v SDS 
and 0.05% w/v bromophenol blue and 250 mM DTT) with boiling. The samples were then 
tested using SDS-PAGE. 
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Chapter 3 Structural and functional studies of flax rust effector 
protein AvrP 
3.1 Introduction 
The effectors AvrP, AvrP123 and AvrP4, designated AvrPs, are proteins secreted from the 
fungal pathogen flax rust (Melampsora lini) and are recognized by the flax resistance proteins 
encoded by genes at the P locus (Barrett et al., 2009; Catanzariti et al., 2006). The AvrP and 
AvrP123 genes are closed linked in the AvrP123 locus of M. lini, while the AvrP4 gene is 
located in the AvrP4 locus (Catanzariti et al., 2006). AvrPs are small secreted proteins with no 
sequence similarity between each locus and no close homologs in current databases (Catanzariti 
et al., 2006; Ellis et al., 2007).  
The AvrP and AvrP123 genes encode proteins with 111 and 117 amino acids, respectively. Both 
proteins have a 23-amino acid N-terminal signal peptide and are secreted from the rust haustoria 
into the extrahaustorial matrix during infection (Catanzariti et al., 2006). AvrP and AvrP123 
have 70% identity at the amino acid level. The AvrP4 gene encodes a protein consisting of 95 
amino acids and is predicted to contain a 29 amino acids N-terminal signal peptide (Catanzariti 
et al., 2006). All AvrPs are cysteine-rich. The arrangement of the 10 cysteine residues in 
AvrP123 and AvrP presents a signature motif that is similar to that which is found in Kazal Ser 
protease inhibitors. The 6 cysteine residues in AvrP4 are spaced according to the consensus of 
an inhibitor cysteine knot structure (Catanzariti et al., 2006). Conserved cysteine residues in 
both the Kazal Ser protease inhibitor motif and the cysteine knot motif form disulfide bonds. 
Currently the function of the AvrPs are unknown, however, their virulence function is expected 
to be within the plant cell, where they are also expected to be recognized by the corresponding 
P resistance proteins (Catanzariti et al., 2006; Koeck et al., 2011).  
In this chapter, a structure-based study was used to further understand the function of the AvrPs. 
AvrP and AvrP123 were produced in E. coli, however we were unable to establish an expression 
and purification strategy to study AvrP4. Using X-ray crystallography we determined the three-
dimensional structure of AvrP. The structure reveals an elongated shape with an unusual zinc-
binding topology. The structure of AvrP provides insights into the possible function of AvrP 
and the molecular basis of the direct interaction with flax R proteins. 
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3.2 Results 
3.2.1 Protein production strategy design and test expression 
To obtain the proteins AvrP, AvrP123 and AvrP4 for crystallization and structure 
determination, attempts were made to produce them as recombinant proteins in E. coli cells and 
to purify them to homogeneity. To help design a better strategy for the protein production, 
protein sequence based homology searches were used to predict the possible feature of the 
proteins. AvrP, AvrP123 and AvrP4 are cysteine rich proteins, and Catanzariti et al. (2006) 
suggested the cysteine residues are likely to form disulfide bonds. Protein sequence-based 
searches using NCBI PSI-BLAST (Margelevicius and Venclovas, 2005) were performed to 
search for protein homologs with known functions. The search with the AvrP4 sequence did 
not reveal any homologs with known functions. However, the AvrP and AvrP123 sequences 
showed similarities to a plant homeo-domain (PHD) from the SNF2 histone linker PHD RING 
helicase, E3 ubiquitin protein ligase. Eight cysteine residues are conserved among AvrP, 
AvrP123 and SNF2 PHD domain. PHD domains have a characterized arrangement of cysteine 
and histidine residues that facilitate their binding to zinc ions (Sood et al., 2003). 
In light of this result, two E. coli expression methods were tested, including the cytoplasmic 
production and the periplasmic production of the proteins. Cytosolic expression drives protein 
production in a reduced environment (free thiols), while the periplasm presents an oxidizing 
environment and facilitates the formation of disulfide bonds (Choi and Lee, 2004). The protein 
constructs contained residues 24-111 of AvrP, residues 24-117 of AvrP123 and residues 29-95 
of AvrP4, respectively. In the cytoplasmic production, genes encoding corresponding proteins 
were cloned into the pMCSG7 vector and expressed intracellularly in E. coli BL21 (DE3) cells. 
The resulting proteins contained an N-terminal hexahistidine (His) -tag followed by a TEV 
(tobacco etch virus) protease cleavage site. In the periplasmic production, the gene fragments 
were cloned into the pLIC vector, which enables the protein to be secreted into the periplasmic 
space of E. coli cells (Choi and Lee, 2004). The pLIC vector results in proteins containing an 
N-terminal periplasmic signal peptide, followed by a His-tag, an MBP tag, and a TEV protease 
cleavage site. The periplasmic signal peptide can be removed by the signal peptidase during the 
secretion process. Small-scale expression tests were carried out for both periplasmic and 
cytoplasmic production, using autoinduction as described in Section 2.3. 
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The tests suggested AvrP, AvrP123 and AvrP4 had moderate expression level in the 
periplasmic production. Small amounts of AvrP and AvrP123 were produced in the cytoplasm 
production, while no significant expression of AvrP4 was identified. Figure 3.1 shows the 
proteins produced in each method. In the periplasmic production (Figure 3.1, left), the proteins 
fused to a His-MBP tag were detected in the soluble fractions and the elution from nickel-
affinity (NiA) resin (QIAGEN). In the cytoplasmic production (Figure 3.1, right), only small 
amounts of proteins likely to resemble AvrP and AvrP123 were observed in the elution from 
the NiA resin, but no significant expression of AvrP4 was identified within the predicted protein 
size range. Therefore the periplasmic production was applicable to produce soluble forms of all 
three proteins, and the cytoplasmic production was applicable to produce AvrP and AvrP123, 
but not AvrP4.  
Figure 3.1 Small-scale expression tests of AvrPs in periplasm and cytoplasm productions using E. coli 
BL21 (DE3). The arrows indicate possible bands of the desired proteins. The cells were lysed and the 
His-tagged proteins were immobilized and eluted using NiA resin. For each protein, 3 samples are 
shown on the SDS gel: cell crude fraction, soluble fraction and elution from the NiA resin. In periplasmic 
production (left), the proteins fused to a His-MBP tag were detected in the soluble fractions and the NiA 
resin elution. In cytoplasmic production (right), small amounts of His-tagged AvrP and AvrP123 were 
found in the NiA elution, but no significant expression of AvrP4 was identified. 
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3.2.2 Large-scale protein production and purification 
A large-scale production and purification was conducted according to the small-scale tests. 
AvrP, AvrP123 and AvrP4 were first produced using the periplasmic production method. The 
proteins were purified from the cell lysate using NiA chromatography, and the His-MBP tags 
were cleaved using TEV protease. AvrP, AvrP123 and AvrP4 were produced in soluble form 
with a His-MBP tag, however, removing of the His-MBP tag led to significant loss of the 
desired proteins, indicating the proteins were less stable without the His-MBP tag. Figure 3.2A 
shows that the cleaved AvrP and AvrP123 have smaller protein quantities, compared to the His-
MBP tagged proteins, and that no cleaved AvrP4 could be detected. The cleaved AvrP and 
AvrP123 proteins were used for further purification using size-exclusion chromatography 
(SEC). However, cleaved AvrP and AvrP123 could not be separated from the impurities and 
resulted in poor purity and low yields (Figure 3.2B). Despite up-scaling and other optimization 
techniques, the periplasmic production method was incapable of producing sufficient quantities 
of AvrP, AvrP123 and AvrP4 required for protein crystallography. 
AvrP and AvrP123 were then produced using the cytoplasmic production methods. The His-
tagged AvrP and AvrP123 proteins were expressed, and almost equal amounts of the desired 
proteins were detected in the samples treated with TEV protease, indicating AvrP and AvrP123 
were soluble without the His-tag (Figure 3.3A). Both proteins were then purified to 
homogeneity using SEC (Figure 3.3B). The cytoplasmic production resulted in adequate yields 
(~ 0.2 mg protein per g cell pellet) for crystallization and biochemical studies. Higher yields of 
AvrP were obtained and the purified protein was more stable than AvrP123. For this reason, 
AvrP was used for further characterization and crystallization. 
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Figure 3.2 Purification of AvrP, AvrP123 and AvrP4 using the periplasmic production. (A). SDS gels 
showing proteins produced using the periplasmic production (un-cleaved), and the corresponding 
samples treated with TEV protease to remove the tag (TEV-cleaved). The His-MBP tagged AvrP, 
AvrP123 and AvrP4 were expressed. Very small amounts of AvrP and AvrP123 were detected in the 
TEV-cleaved samples. No AvrP4 was detected in the predicted molecular weight range. (B) SEC 
profiles and purified proteins of AvrP and AvrP123. Both proteins were unstable and cannot be 
separated from the impurities.  
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Figure 3.3 Purification of AvrP and AvrP123 from the cytoplasmic production. (A) SDS gels showing 
proteins produced using the cytoplasmic production (un-cleaved), and the corresponding samples treated 
with TEV protease to remove the tag (TEV-cleaved). The cleaved proteins are indicated by arrows. (B) 
SEC profiles and purified proteins of TEV-cleaved AvrP and AvrP123. Both proteins were purified to 
homogeneity. 
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3.2.3 Determination of the cysteine residue formation 
Due to the low sequence similarity with known proteins in the database, the bioinformatic 
methods failed to identify a close homolog of AvrP with known structure. The role of the 
cysteine residues in AvrP was therefore unclear. To determine whether the cysteine residues of 
AvrP contain free thiol (-SH) group (i.e. the cysteines were not oxidized), an Ellman’s assay 
(Ellman, 1958) was performed to determine the -SH concentration in the protein. EDTA was 
used to reduce the metal ion interference. The Ellman’s assay indicated all the cysteine residues 
in AvrP contained free -SH groups. A metal-binding assay using PAR (4-(2-
pyridylazo)resorcinol) as reagent revealed that AvrP contained metals (Figure 3.4A). These 
observations indicated that the cysteine residues in AvrP were unlikely to form disulfide bonds 
and were potentially coordinating metal-binding. 
Previous bioinformatics searches had shown that AvrP had the PHD motif signature. PHD 
motifs are often implicated in zinc ion binding. The AvrP proteins were produced in 
autoinduction media containing trace metals and therefore may obtained Zn from the media. In 
light of this result and the observed metal-binding activity of AvrP, an expression test was 
performed with minimal media (M9) using zinc salt as a supplement. It was observed that the 
introduction of zinc salt greatly improved the production of AvrP when expressed as a cytosolic 
protein in E. coli cells (Figure 3.4B). 
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Figure 3.4 AvrP is likely a metal-binding protein and zinc ions improved AvrP production in minimal 
medium. (A) Detection of metals in AvrP using PAR as reagent showed the presence of metals. The 
spectrum of 50 µM free PAR (green) showed a maximum absorption at 416 nm. AvrP was mixed with 
PAR to a final concentration of 50 µM free PAR and 14 µM AvrP. The spectrum of PAR and AvrP mix 
(blue) showed an absorption peak of PAR:metal complex at 497 nm in addition to the peak of the excess 
free PAR. (B) Expression tests showing that zinc salt increased AvrP production in M9 minimal 
medium. The His-tag AvrP fusion protein was produced in M9 minimal medium with (M9 +Zn) and 
without (M9 -Zn) the supplement of 50 µM ZnCl2. The protein was purified using NiA chromatography. 
The SDS gels show the peak fractions of the NiA elution. No significant AvrP production was found 
using the M9 -Zn medium (left), while a significant increased accumulation of the protein was observed 
using the M9 +Zn medium (right). 
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3.2.4 Crystallization, X-ray data collection and structure determination 
To prepare homogeneous AvrP protein for crystallization, the purified protein was treated with 
EDTA to remove metals captured during expression and purification, and buffer- exchanged 
into SEC buffer containing 50 µM ZnCl2. The crystallization screens for AvrP were set up with 
an initial protein concentration of 5 mg/ml. Crystals of AvrP appeared after 1 d under several 
different screening conditions, including Index condition A9 consisting of 0.1 M Bis-Tris, pH 
5.5 and 3 M NaCl, and Index condition F12 consisting of 0.1 M HEPES, pH 7.5, 25% (w/v) 
PEG 3350 and 0.2 M NaCl. Optimization, including pH and precipitant changes, was carried 
out and the best quality crystals were obtained in 0.1 M Bis-Tris, pH 7.0, 22% (w/v) PEG 3350 
and 0.2 M NaCl. The AvrP protein sample with zinc ions removed failed to crystallize (Figure 
3.5A), indicating that zinc has a role in promoting crystal formation. An identical protein 
purification and crystallization strategy was applied to AvrP123, however, the protein failed to 
form protein crystals. 
The AvrP crystals diffracted to 2.5 Å resolution at the Australian Synchrotron. As the protein 
shows no significant similarity to proteins of known structures, experimental phasing methods 
were required to solve the structure. A multi-wavelength anomalous dispersion (MAD) 
technique was used to determine the structure factor phases, taking advantage of the bound Zn 
ions in the protein. Two data sets were collected aiming to obtain the anomalous signal at the 
absorption edge wavelength of Zn (1.282 Å, Peak) and the high-energy remote wavelength 
(1.262 Å, High remote). The two data sets diffract X-rays to 2.52 Å resolution (Figure 3.5B and 
Table 3.1). The crystals of AvrP belong to space group P43212 with the cell constants: 88.94, 
88.94, 45.78, and most likely contain two molecules in the asymmetric unit, corresponding to 
a solvent content of 44% as calculated by MATTHEWS_COEF (Kantardjieff and Rupp, 2003; 
Matthews, 1968) within the CCP4 suite (Winn et al., 2011). The presence of Zn ions was 
detected and used to determine the phase. The datasets were truncated at 3.4 Å resolution for 
substructure solution (where CCano falls below 30% for all datasets). Seven usable Zn positions 
were found and the overall figure of merit for the phasing was 0.384. The structure was refined 
to final Rwork and Rfree values of 25% and 26%, respectively. The electron density map of AvrP 
reveals a tetrahedral coordination of Zn ions with the cysteine and histidine residues (Figure 
3.5C). 
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Figure 3.5 Crystallization, data collection and processing. (A) AvrP crystallized in the presence of zinc 
ions. The images show the crystallization screen drops with the condition of 0.1 M HEPES, pH 7.5, 
25% (w/v) PEG 3350 and 0.2 M NaCl. Crystals appeared after 1 d in the drop containing 50 μM ZnCl2 
and no crystal was observed in the drop without zinc ions. (B) The diffraction pattern of AvrP. (C) The 
tetrahedral coordination of zinc ions. The images show the electron density map (blue mesh) of AvrP 
contoured at 1.0 σ and anomalous difference map (yellow mesh) contoured at 4.0 σ. The AvrP residues 
are shown as sticks and the zinc ions are shown as spheres. The anomalous difference map indicates the 
positions of the Zn ions in the structure.  
-Zn d  +Zn di  A 
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Table 3.1 X-ray data collection, structure solution and refinement statistics 
Data type Peak  High remote 
Data-collection statistics   
Detector ADSC Quantum 210r CCD ADSC Quantum 210r CCD 
Wavelength (Å) 1.282 1.262 
Temperature (K) 100 100 
Crystal-to-detector distance (mm) 200 200 
Rotation range per image (°) 0.5 0.5 
Exposure time per image (s) 5 5 
Space group P43212 P43212 
a, b, c (Å) 88.94, 88.94, 45.78 88.93, 88.93, 45.77 
α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 
Average mosaicity (°) a 0.06 0.07 
Resolution range (Å) 37.01-2.52 (2.65-2.52) 37.01-2.52 (2.65-2.52) 
Total no. of reflections 83301 (4921) 87288 (8261) 
No. of unique reflections 6325 (617) 6607 (901) 
Completeness (%)  99.8 (98.6) 99.7 (98.3) 
Anomalous completeness (%) 99.5 (95.7) 99.6 (97.2) 
Multiplicity a 13.2 (8.0) 13.2 (9.2) 
Anomalous multiplicity a 7.3 (4.3) 7.2 (4.9) 
Mean I/σ(I)  9.9 (1.3) 16.9 (2.7) 
Rmeas (%) b 31.5 (169.5) 18.0 (88.0) 
Rpim (%) c 8.5 (57.5) 
4.9 (28.1) 
 
Matthews coefficient d 2.21  
Phasing statisticse   
No. of sites (found/all) 7/6 
 
 
Over all figure of merit (FOM) 0.348  
FOM (after density modification) 1.869  
Refinement statistics   
Resolution range (Å) 37.01-2.52  
Rwork (%) f 23.8  
Rfree (%) g 26.6  
No. of non-H atoms   
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Total 1181  
Non-solvent 1153  
Water 28  
Average isotropic B value (Å2) 20.1  
R.m.s.d. from ideal geometry   
Bond lengths (Å) 0.007  
Bond angles (°) 0.889  
Ramachadran plot, residues in 
(%)   
Favoured regions 98.6  
Additionally allowed regions 1.4  
Outlier regions 0  
a Calculated with Aimless (Evans and Murshudov, 2013) in the CCP4 suite (Winn et al., 2011). 
b Rmeas = ∑hkl{N(hkl)/[N(hkl) − 1]}1/2 ∑i |Ii(hkl) − <I(hkl)>|/ ∑hkl ∑i Ii(hkl), where Ii(hkl) is the intensity 
of the ith measurement of an equivalent reflection with indices hkl. 
c Rpim = ∑hkl{1(hkl)/[N(hkl) − 1]}1/2 ∑i |Ii(hkl) − <I(hkl)>|/ ∑hkl ∑i Ii(hkl). 
d Calculated by MATTHEWS_COEF (Kantardjieff and Rupp, 2003; Matthews, 1968) 
e Generated by Crank pipeline (Pannu et al., 2011) in the CCP4 suite (Winn et al., 2011). 
f Rwork = ∑hkl ||Fobs|-|Fcalc||/∑hkl |Fobs|, where Fobs and Fcalc are the observed and calculated structure 
factor amplitudes. 
g Rfree is equivalent to Rwork but calculated with reflections (5%) omitted from the refinement process. 
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3.2.5 Crystal structure of AvrP 
The final model of AvrP contains two molecules in the asymmetric unit with RMSD (root-
mean-square distance) of 0.5 Å. The model contains residues 26-102 of the AvrP protein. No 
electron density was observed for residues 24-25 and incomplete electron density was observed 
for the C-terminal residues 103-111, suggesting that these regions are flexible within the crystal. 
The structure adopts an elongated shape, containing four β-strands (β1−β4) and a C-terminal 
α-helix (α1), connected by loops (Figure 3.6A). The structure shows three zinc ions bound in 
a cross-brace manner through either CCCC (4 cysteines) or CCCH (3 cysteines and 1 histidine) 
motifs. Zn1 and Zn2, and Zn2 and Zn3 are located 22.8 Å and 15.5 Å apart, respectively. The 
four β-strands form two vertical β-hairpins and coordinate Zn1 by Cys36, Cys38, Cys78 and 
Cys81. Zn2 is coordinated by Cys53 and Cys67 in the elongated β2β3 loop, Cys89 in the β4 
strand and His93 in the β4α1 loop. Zn3 is coordinated by Cys59 and Cys61 in the β2β3 loop, 
Cys97 in the α1 helix and His101 in the C-terminal loop. 
The interface between the molecules within the asymmetric unit features few side chain 
interactions and does not appear to be biologically relevant. Size-exclusion chromatography 
coupled with Multi-angle light scattering (SEC-MALS) showed that both AvrP and AvrP123 
are monomers in solution (experimental and theoretical molecular weights correspond to 11 
kDa and 9.8 kDa for AvrP and 12 kDa and 10.6 kDa for AvrP123, respectively). 
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Figure 3.6 The crystal structure of AvrP. (A) Ribbon diagram and schematic representation showing 
the overall structure of AvrP. The zinc ions are shown as spheres. (B) Sequence alignment of AvrP 
(accession number ACD49715) and AvrP123 (ABB96267). The secondary structure elements of AvrP 
are displayed above the alignment. The zinc-binding motifs are numbered and the zinc-binding residues 
are indicated under the alignment. (C) Solution property of AvrP and AvrP123 analyzed by SEC-MALS, 
showing AvrP (left) and AvrP123 (right) are monomeric. The green peaks indicate the trace from the 
refractive index detector during SEC. The red lines under the peaks correspond to the average molecular 
mass distributions across the peak.  
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3.2.6 AvrP has an unusual zinc-binding topology 
The structure of AvrP shows similarities to zinc-finger domains, such as PHD, RING, B-box 
and FYVE motifs. These domains belong to a treble-clef finger family, the members of which 
bind to two zinc ions through interleaved zinc binding motifs, known as the ‘cross-brace’ 
topology (Grishin, 2001) (Figure 3.7A). In the ‘cross brace’ topology, the first and third pairs 
of C/H (cysteine/histidine) residues bind to the first zinc ion and the second and forth pairs of 
C/H bind to the second zinc ion. Each subgroup of the treble-clef finger family is characterized 
by distinct arrangements of the zinc ion-coordinating residues, however they have similar 
protein folds consisting of a zinc knuckle followed by a β-hairpin and C-terminal α-helices 
(ββα). The first and second pairs of zinc-coordinating residues often locate to the β-turns of the 
zinc knuckle and the other β-hairpin, respectively. 
The AvrP structure contains a similar but distinct ‘cross-brace’ topology, compared to the 
treble-clef finger family (Figure 3.7B). AvrP contains 6 C/H pairs and binds to three zinc ions. 
The secondary structure of AvrP has similar ββα order to the treble-clef finger family proteins 
with a cysteine pair located in each β-turn. The second β-hairpin of AvrP contains the sequence 
motif CPXCG (Wang et al., 1998) that is common in zinc-knuckle structures. However, in 
AvrP the two β-hairpins are separated by a long loop and the zinc knuckle is formed by two β-
hairpins, while in treble-clef finger family the zinc knuckle is formed by a β-hairpin and an α-
helix. 
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Figure 3.7 The cross-brace zinc-binding topology. The zinc-binding residues are numbered and 
highlighted in red and the zinc-binding motifs are indicated above the sequences. The schematic 
representations of the secondary structures are indicated below the sequences. The β-strands are shown 
as arrows and the α-helices are shown as cylinders. “T” corresponds to the β-turn. (A) The alignment 
of zinc-binding residues of proteins from treble-clef finger family. The PDB codes for representative 
proteins are PHD: 2G6Q; FYVE: 1HYJ; RING: 1CHC; B-box: 3DDT. (B) The zinc-binding motifs of 
AvrP. 
 
3.2.7 Structural comparisons and functional implications 
To investigate the similarity of AvrP to other known structures in the Protein Data Bank (PDB), 
structure-based similarity searches were performed using the Dali sever (Holm and 
Rosenstrom, 2010). The structure similarity is measured by Z-scores in Dali. Structures with 
Z-score >2 usually have similar folds (Holm and Rosenstrom, 2010). No high scoring structural 
similarities were found for the overall AvrP structure, however, some low-similarity hits were 
found for the Zn1-binding region. These hits include initiation factor 5A (IF5A, PDB ID LIZ6) 
with the highest Dali Z-score of 4.2, PHD-finger protein PHF20 (PDB ID 3QII, Z-score 3.6), 
zinc-finger protein ZPR1 (PDB ID 2QKD, Z-score 3.4) and the chromatin protein CREN7 
(PDB ID 3KXT, Z–score 2.8). The corresponding regions of the hits predominantly consist of 
β-strands forming a zinc finger-like protein fold and superimpositions with the AvrP structure 
A 
B 
 
50 
III Structural and functional studies of AvrP 
 
indicates modest structural similarity. However, the protein sequence identities with AvrP are 
low (~10%) and many of the hits do not contain zinc-binding motifs. For example, the 
corresponding region of ZPR1 contains four cysteine residues that coordinate a zinc ion, while 
the corresponding regions of PHF20, IF5A and CREN7 do not contain metal-binding motifs 
and no metals have been modeled in the crystal structures.  
The zinc finger-like structure is found in a broad range of proteins with diverse biological 
functions. Hits from Dali indicate that this structure is a part of transcription and translation 
factors, and directly involved in protein or nucleic acid binding. The corresponding region of 
IF5A has an SH3-like β-barrel structure and may be involved in RNA binding (Yao et al., 
2003), and the rest of the IF5A forms an OB (oligonucleotide/oligosaccharide binding) fold that 
may be involved in protein interactions. PHF20 is a putative transcription factor and the 
corresponding region forms a Tudor domain that exhibits binding to dimethylated histone 
substrates (Adams-Cioaba et al., 2012). ZPR1 interacts with eukaryotic translation elongation 
factor 1A (eEF1A) and may function as its negative regulator (Mishra et al., 2007). CREN7 is 
a chromatin protein that binds to double-stranded DNA through the charged residues in the zinc 
finger-like structure (Feng et al., 2010). The zinc finger-like structure of AvrP may have similar 
protein-protein interaction or nucleic acid-binding functions, although the rest of the AvrP 
structure is quite different from all the structurally-similar proteins identified by Dali search. 
The possible functions of AvrP therefore remain unclear. 
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Figure 3.8 Structural alignment of AvrP and low similarity Dali hits. (A) Structure-based sequence 
alignment showing AvrP has low sequence identities with the Dali hits. The cysteine residues are 
highlighted in orange. The secondary structure alignment is shown in the lower panel, showing modest 
similarities. The β-strands are shown as E and loops as L. (B) Structure superimposition of AvrP and 
the hits showing the similarities in the Zn1-binding region. The AvrP structure is shown in green. The 
PDB codes of the superimposed structures are indicated below each image. 
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3.2.8 Surface electrostatic potential analysis 
Examination of the surface electrostatic potential of AvrP reveals an uneven distribution 
(Figure 3.9A). The Zn1-binding region forms a positively-charged head. The C-terminal 
α−helix and the β2β3 loop within the Zn2-binding motif feature a negatively-charged surface 
patch. Considering that the AvrP structure has low similarities to some DNA/RNA binding 
proteins, the positively charged head of AvrP may be involved in DNA/RNA binding. In order 
to investigate if this positively charged surface patch is also present in AvrP variants, the 
AvrP123 structure was modeled using AvrP structure as the template and the surface 
electrostatic potential values were calculated (Figure 3.9B). The AvrP123 structure model 
shows different surface electrostatic potential to AvrP and the positively charged surface patch 
of AvrP is absent in AvrP123. However, the negatively-charged patch found in AvrP is also 
present in AvrP123, indicating this patch may have common roles in the function of AvrP and 
AvrP123. 
Figure 3.9 The surface electrostatic potential of AvrP and AvrP123 (calculated and visualized using the 
APBS plugin (Baker et al., 2001) in Pymol (DeLano Scientific LLC)). The surfaces are colored 
according to the electrostatic potential with positive potential shown in blue and negative potential 
shown in red. The positively charged surface patch of AvrP, and the negatively charged surface patch 
that is common between AvrP and AvrP123 are indicated by circles. The contouring value is in kT/e. 
(A) AvrP; (B) AvrP123.  
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3.2.9 Polymorphic residues on the surface of AvrP 
The AvrP123 gene locus encodes an array of allelic variants that can be specifically recognized 
by the corresponding P, P1, P2 and P3 resistance proteins (Catanzariti et al., 2006; Dodds and 
Thrall, 2009). AvrP and AvrP123 were both identified in the flax-rust strain CH5 and five other 
AvrP variants were identified from rust strains 271, Fi, 339, WA and bs25, respectively (Dodds 
and Thrall, 2009). The recognition spectra of AvrP123 variants by P proteins have been 
analyzed (Dodds and Thrall, 2009). 
The surface conservation of AvrP variants was investigated to identify possible surface patches 
that may mediate specific recognition by the resistance proteins. The protein sequences of AvrP 
variants were aligned and the residue conservation was mapped onto the surface of the AvrP 
structure. The mature AvrP and AvrP123 proteins have 36 polymorphic residues spread over 
the entire protein. The ten cysteine and two histidine residues involved in the zinc binding are 
strictly conserved among all the variants. The AvrP variants can be classified into two 
subgroups with respect to sequence identity and length. The first group, designated here as the 
AvrP group, includes AvrP, 271, Fi and 339, sharing sequence identities of 93~98%. The 
second group, designated here the AvrP123 group, includes AvrP123, WA and bs25 sharing 
identities of 82~91%, and have a six-amino-acid extension at the C-termini, compared to the 
AvrP group. The sequence identity between the two groups is ~70%. Mapping of residue 
conservation on the surface of the AvrP structure divides the protein into two ‘faces’. The 
conserved residues form a conserved surface patch on the concave part of the structure, while 
highly variable polymorphic residues align on the back surface of the protein. In the variable 
surface patch of the structure, five highly variable residues array closely on a relatively flat 
surface. These residues include residue 64, 66, 68 and 70 in the β2β3 loop, residue 47 and 50 
in the β2-strand and residue 90 in β4α1 loop (Figure 3.10A). The C-terminal 9 residues of AvrP 
are missing from the structure and could be flexible. 
Previous studies in flax plants demonstrated that the bs25-AvrP123 protein is exclusively 
recognized by the P2 resistance protein (Dodds and Thrall, 2009). Interestingly, the N-terminal 
40 amino acids of the bs25 protein are identical to AvrP and the remaining C-terminal sequence 
is identical to AvrP123. Therefore it appears that the C-terminal region of the AvrP protein is 
most likely to influence recognitions by resistance proteins P and P2, and the N-terminal region 
may influence the recognition by P1 and P3. The 271 protein has 8 amino acids differences 
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compared to AvrP and is not detected by the P proteins. Most of the residues that differ between 
271 and AvrP localize to the C-terminal region and 3 of them are in the variable face surface 
patch, including residues 66, 70 and 90. Notably, residue 66 changes from aspartate (containing 
a negatively charged side chain) in AvrP to alanine in 271, and residue 70 changes from proline 
to arginine (containing a positively charged side chain). 
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Figure 3.10 Polymorphic residues on the surface of AvrP variants. (A) Sequence alignment of AvrP 
variants. The shared signal peptide sequence of AvrP variants is shown before the sequence alignment. 
The sequences of mature proteins were aligned using Clustal Omega (Sievers et al., 2011). The 
conservation is indicated below the alignment by asterisk (*), colon (:) and period (.), among which * 
indicates fully conserved residues. The highly variable residues in the variable surface patch are 
indicated by ^. The secondary structure elements of AvrP are shown on top of the alignment and the 
residue region of the solved structure is indicated by . The  symbol indicates the point where bs-
25 sequence alters from AvrP-like to AvrP123-like. (B) The recognition spectra of AvrP variants by P 
proteins (Dodds and Thrall, 2009). “+” indicates that cell death was induced, and “-” indicates that no 
response was induced (C) Polymorphic residues mapping on the surface of AvrP. The fully conserved 
and non-conserved residues are shown in red and blue, respectively. The residues of the highly variable 
surface patch are labeled in the left image.  
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3.2.10 Structural models for the AvrP/P interaction 
Avr genes have been cloned from four loci (AvrL567, AvrM, AvrP123 and AvrP4) in flax rust. 
Among them, effectors encoded by AvrL567 and AvrM loci have been shown to be recognized 
by the corresponding R proteins through direct protein-protein interactions (Catanzariti et al., 
2010; Wang et al., 2007). The highly specific recognition events of AvrP variants by the 
cognate P resistance proteins are consistent with a direct recognition model that does not require 
other conserved factors (Dodds and Thrall, 2009). In a previous study Dodds et al. (2001) 
demonstrated that six residues located within the predicted β-strand/β-turn motif of the P/P2 
LRR domain were shown to mediate the recognition specificity between P and P2. This further 
supports the idea that AvrP is likely to be recognized by P through direct interactions with the 
LRR domain. To investigate the potential structural basis for AvrP and P interaction, the LRR 
domain of the P-protein (P-LRR) was modeled using homology modeling and the AvrP 
structure was docked to the model using Z-dock server (Pierce et al., 2014).  
The docking generated 5 top models. In all the 5 models, AvrP was docked to the predicted β-
strand/β-turn region of the P-LRR domain and interacted with P-LRR through its variable 
surface patch including the β2-strand and β2β3 loop. In four of the models, AvrP was docked 
to the region of P-LRR that was predicted to be responsible for P/P2 recognition specificity. 
Figure 3.11 shows a representative interaction model of AvrP and P-LRR, suggesting possible 
recognition sites. Residues V748, N747, I787 and R791 in the P-LRR model (designated PV748, 
PN747, PI787and PR791, respectively) are among the six residues related to P/P2 recognition 
specificity. In the docking model, PR791 is likely to contact with D66 or I64 in AvrP (designated 
AvrPD66 and AvrPI64, respectively), PI787 is approaching the side chain of AvrPR52, and PV748 
and PN747may interact with AvrPP68 and AvrPP70. In the 271 protein, the AvrPP68 and AvrPP70 
residues are replaced by A68 and R70. In AvrP123, the AvrPR52 and AvrPI64 residues are 
replaced by E52 and R64. The changes of side chain charge of these residues may explain the 
observed 237/AvrP123 loss of recognition by P. 
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Figure 3.11 Structural model for AvrP and P interaction. The AvrP and P-LRR structures are shown in 
green and yellow, respectively. The six residues in the P-LRR domain that are responsible for P/P2 
recognition specificity are highlighted in red. (A) A representative docking model showing AvrP 
interacting with the predicted β-strand/β-turn region of the P-LRR model. (B) The variable surface patch 
of AvrP is involved in the recognition. The highly variable residues of AvrP are shown in blue. (C) 
Sequence alignment of the interacting regions. The conserved residues are shown as dots and the 
residues that may mediate specific recognition are indicated by ^. The images in the top panel and the 
lower panel show the alignment of P (AAK28811) and P2 (AAK28806) sequences, and AvrP variants, 
respectively. The predicted β-strand/β-turn motifs of P-LRR are indicated by boxes. 
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3.2.11 Interaction between AvrP and P proteins  
To investigate whether the AvrP recognition involves a direct interaction with P, yeast two-
hybrid (Y2H) assays and in planta co-immunoprecipitation assays were employed. In the Y2H 
assay, bait and prey constructs were made expressing AvrP, AvrP123, P and P2 with C-termini 
fused to either a GAL4 DNA-binding domain (BD) or a transcriptional activation domain (AD). 
The corresponding constructs were co-expressed in yeast and tested for the activation of GAL4 
promoter elements driving a HIS3 reporter gene. The proteins were all expressed and detected 
by immunoblotting, however, co-expression of the AD-fused AvrP (AvrP-AD) with BD-fused 
P (P-BD), and the AvrP123-AD with P2-BD were unable to trigger the activation of reporter 
gene, indicating that no direct protein interaction is detected in yeast (Figure 3.12A). 
Interestingly, when Y2H co-expression experiments were performed with the AD/BD domains 
swapped (P2-AD with AvrP123-BD / P-AD with AvrP-BD), activation of the reporter genes 
was observed, suggesting a strong interaction between P2 and AvrP123, and weak interaction 
between P and AvrP (Figure 3.12A). However, further examination showed that AvrP123-BD 
and AvrP-BD appear to have non-specific interaction with L6-AD control (Figure 3.12B). Later 
use of these BD constructs in the absence of an AD construct showed autoactivation of the 
reporter gene by AvrP123-BD and to a lesser extent AvrP-BD (Figure 3.12C), indicating AvrP 
and AvrP123 may have transcription activation activities and the detected activation of the 
reporter gene did not correlate to protein-protein interaction. To test if Zinc affects the Y2H 
experiments, the experiments were repeated with 10 µM ZnCl2 supplemented in all media and 
identical results were observed (data not shown). Therefore due to the autoactive phenotype of 
AvrP and AvrP123 in yeast, the Y2H assay is not suitable for detection of a direct AvrP:P 
interaction.  
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Figure 3.12 AvrP:P interaction assay using Y2H assays. The constructs were made fused to either an 
AD tag or a BD tag, which enables yeast transformants to grow in minimal media lacking tryptophan (-
L) or leucine (-T), respectively. As a result of the interaction between -AD and -BD fusion proteins, the 
HIS3 reporter gene is activated and enables the yeast to grow in media lacking histidine, tryptophan and 
leucine (-HTL). (A) Co-expression of AvrP/Avr-AD with P/P2-BD did not trigger the activation of the 
reporter gene, while P/P2-AD and AvrP/AvrP123-BD activated the reporter gene. (B) AvrP/AvrP123-
BD activated reporter gene expression with L6-AD. (C) AvrP-BD and AvrP123-BD triggered the 
reporter gene expression in the absence of P/P2-AD in -HT media. The leucine supplement was required 
for the growth of AvrP/AvrP123-BD yeast transformants. 
 
To investigate whether AvrP and P can interact in planta, YFP-tagged AvrP or AvrP123 were 
co-expressed with Myc-tagged P or P2 in N. benthamiana for co-immunoprecipitation (co-IP) 
analysis. AvrP-YFP and AvrP123-YFP were also infiltrated into transgenic flax lines 
expressing P and the specific recognition of the AvrP-YFP construct by P was verified by 
following the hypersensitive response (HR) after 8 days (Figure 3.13A). For co-IP analysis, 
samples were collected at 24 h and 40 h after infiltration (hai). The expression of all proteins 
was detected by immunoblotting for the 24-hai samples, however reduced protein accumulation 
of P and P2 was observed at 40 hai (Figure 3.13B, experiment performed by Chunhong Chen). 
No P or P2 proteins were detected in the samples co-expressing AvrP or AvrP123 at 40 hai, 
while very small amounts of P and P2 proteins were detected in the 40-hai samples without 
effectors. Co-IP analysis was performed on the 24-hai samples. AvrP-YFP and AvrP123-YFP 
were immunoprecipitated by anti-GFP beads and magnetic capture, however, P-Myc and P2-
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Myc did not co-IP with them (Figure 3.13C, experiment performed by Chunhong Chen). 
Therefore, the interactions between AvrP/AvrP123 and P/P2 in planta may be weak and 
difficult to detect by co-IP. The reduced protein accumulation of P and P2 also complicated 
interaction studies using this method. 
Figure 3.13 AvrP:P interaction assay using co-IP. (A) Leaves of transgenic flax infiltrated with 
Agrobacterium cultures containing T-DNA plasmids encoding AvrP or AvrP123. Leaves were 
photographed 8 days after infiltration. AvrP triggered HR in flax line carrying the P gene (Koto). 
AvrP123 did not trigger HR in Koto. No HR was found in the susceptible line (Bison). (B) Protein 
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Figure 3.13 (continued) extracts from N. benthamiana leaves transiently expressing Myc-P/P2, and co-
expressing Myc-P/P2 and YFP-AvrP/AvrP123. The samples were collected 24 h and 40 h after 
infiltration (hai) and were analyzed by immunoblotting with anti-Myc (α-Myc) or anti-GFP (α-GFP). 
(C) Immunoprecipitation of AvrP/AvrP123 and P/P2 from plant protein extracts. GFP fusion AvrP and 
AvrP123 were immunoprecipitated using anti-GFP beads and magnetic capture. The total extracted 
proteins (input) and immunoprecipitated proteins (IP) were analyzed by immunoblotting with α-GFP 
and α-Myc to detect the extracted AvrP/AvrP123 (upper panel) and P/P2 (lower panel), respectively. 
The co-IP experiments were performed by Chunhong Chen. 
 
3.2.12 AvrP localizes to the nucleus of plant cells 
To examine the localization of AvrP in plant cells, Agrobacterium cultures harboring AvrP with 
C-terminal fused to an YFP-tag, was infiltrated in N. bethamiana leaves. The localization of 
AvrP was then examined by confocal microscopy. The yellow fluorescence from the AvrP-
YFP fusion protein was found on the plasma membrane and also in nucleus of the plant cells 
(Figure 3.14, Laura Rolston et al, data unpublished). Similar results were also found for 
AvrP123 (personal communication with Laura Rolston). Further localization studies showed 
AvrP123 fused C-terminally to a Citrine-tag also localized to the nucleus when expressed 
without a signal peptide and AvrP123-Citrine had an increased nuclear fluorescence comparing 
to Citrine alone (data not shown). The expected molecular masses of AvrP and AvrP123 fused 
with the YFP-tag are 36.5 kDa and 37 kDa, respectively. These proteins may be small enough 
to diffuse into the plant nucleus (Wang et al., 2007). However, the accumulation of the AvrP 
proteins in the nucleus indicated that the proteins targeted the nucleus and were retained in the 
nucleus by unknown mechanisms. 
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Figure 3.14 AvrP accumulated in the nucleus of N. bethamiana cells after agroinfiltration (performed 
by Laura Rolston et al). The image shows a confocal image of cells in N. bethamiana leaves 48 h after 
agroinfiltration with AvrP-YFP lacking its signal peptide for secretion. The accumulation of AvrP in 
the nucleus are indicated by white arrows. 
 
3.2.13 DNA binding 
The analysis of the AvrP structure shows that AvrP shares some similarities with DNA-binding 
proteins. In addition, localization studies performed by Laura Rolston suggest that AvrP 
localized to the nucleus in plant cells. To investigate whether AvrP and AvrP123 bind to DNA 
or RNA, electrophoretic mobility shift assays (EMSA) were performed by Katerina Bendak 
(University of Sydney), using the Pentaprobe approach (Kwan et al., 2003) (Figure 3.15). 
AvrP123 did not show any dsDNA- or ssRNA-binding activity. AvrP did not show dsDNA-
binding; however, it showed weak ssRNA binding at higher protein concentrations (15 µM). If 
AvrP is indeed an RNA-binding protein, AvrP123 should share the same activity because of 
their high protein sequence similarity and presumably similar pathogenic functions. However, 
the lack of activity in AvrP123 suggested that the ssRNA-binding activity of AvrP may be non-
specific, caused by the positively-charged surface of AvrP and its biological significance is 
questionable. 
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Figure 3.15 Electrophoretic mobility shift assay (EMSA) using Pentaprobes (perfomed by Katerina 
Bendak). A DNA binding protein EKFL was used as the positive control. The Pentaprobe was used as 
the negative control. Each protein was tested at protein concentrations of 0.15, 0.7, 1.5, 7 and 15 µM 
(left to right). The DNA and RNA concentrations were kept constant. The probes and protein:probe 
complexes are indicated by arrows. (A) EMSA with dsDNA Pentaprobe. The EKFL protein bound to 
the Pentaprobe and leaded to a shift of the dsDNA mobility. No retardation of dsDNA probes by AvrP 
or Avrp123 was observed. (B) EMSA with ssRNA Pentaprobe. A weak ssRNA band shift was observed 
for AvrP at protein concentrations of 7 and 15 µM. No shift was observed for AvrP123. 
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3.2.14 PIP binding 
The mechanisms used by oomycete and fungal effectors to gain entry into the plant cell are 
highly contentious, but important areas of study. A wide range of oomycete effectors, carrying 
the RxLR (arginine, anything, leucine, arginine) motif, appears to enter the cytoplasm of host 
cells through binding to phosphatidyinositol phosphate (PIP) on the surface of host cells (Tyler 
et al., 2013). RxLR-like motifs have been identified in some fungal effectors, however, whether 
PIP binding is involved in the uptake of those effectors is still debatable. The AvrM effectors 
contain positively charged surface patches that mediate the binding to head-groups of 
negatively charged phospholipids (Ve et al., 2013). To investigate if AvrP and AvrP123 can 
bind PIPs, lipid-binding assays were performed. AvrP and AvrP123 did not bind to PIPs, 
indicating they are unlikely to enter the plant cells through the PIP-binding pathway. Both AvrP 
and AvrP123 showed weak binding to phosphatidic acid (PA) at protein concentrations of 0.5 
μg/ml. The PA binding of AvrP and AvrP123 may be non-specific, considering the significantly 
lower affinity compared to the positive control AvrM. Whether this weak binding is 
biologically relevant to AvrP family protein translocation into host cells is under investigation. 
Figure 3.16 Protein-lipid binding assay. PIP strips (lower panel) (Echelon Biosciences) spotted with 
PIPs were incubated with GST tagged AvrP, AvrP123 and AvrM proteins. After rigorous washing, the 
bound proteins were detected by immunoblotting and shown as dark spots. GST-AvrM and GST were 
used as positive control and negative control, respectively.  
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3.3 Discussion 
This chapter reports the crystal structure of the flax-rust effector protein AvrP, revealing an 
elongated zinc-binding protein coordinating three zinc ions in an unusual zinc-binding topology. 
The zinc-binding region of AvrP structure shows some limited similarities to DNA-binding and 
chromotin-associated proteins, and displays a positively charged surface. The structure 
identifies that polymorphic residues in the AvrP family that influence R protein specificity map 
to the surface of the structure and lead to significant changes in surface chemical properties in 
the AvrP variants. Analysis of the surface conservation among AvrP variants reveals several 
surface patches that may have roles in specific recognition by the P proteins. Protein docking 
analysis revealed a structural model for AvrP:P interaction. The model supports the recognition 
by direct interaction at multiple sites of AvrP and is likely to be mediated by the highly variable 
β2 strand and β2β3 loop of AvrP. However, direct interaction could not be detected in yeast or 
using co-immunoprecipitation from plants. Localization studies suggested AvrP was targeted to 
the host nucleus, however no significant DNA- or RNA-binding activities could be identified 
and the proteins do not bind PIPs. 
AvrP is a small cysteine-rich protein. Cysteine-rich proteins are overrepresented among fungal 
effectors, and include disulfide bond-forming proteins and zinc-finger proteins (Catanzariti et 
al., 2006; Duplessis et al., 2011; Rep et al., 2004). Disulfide bonds presumably enhance the 
stability of effectors that act in oxidizing environments and provide resistance against plant 
apoplastic proteases; therefore, they can be important for the pathogenic function of the 
effectors (van den Burg et al., 2003). In the case of AvrP, zinc binding may similarly be 
important for protein stability and promote correct protein folding. The zinc-binding residues 
are strictly conserved among AvrP variants, and polymorphsms occur in amino acids without 
changing the overall structure of the proteins. A distant homolog of AvrP123 was identified in 
Melampsora larici-populina (poplar leaf rust; Mlp 124530) (Duplessis et al., 2011; Hacquard 
et al., 2012). Mlp 124530 has low sequence similarity to AvrP variants (~25%), however all 12 
residues that are involved in zinc ion binding are conserved, suggesting that it may have a 
similar structure to AvrP and binding of zinc ion may be a common feature in the AvrP-like 
effector family. This family presents a motif of C-X1-2-C-X13-14-C-X5-C-X-C-X5-7-C-X10-C-X6-
C-X3-H-X7-H, a novel form of zinc-binding motifs. 
The structure of AvrP shows similarities to zinc-finger proteins, which often bind nucleic acids 
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and function as transcription factors. Immunofluorescence and confocal microscopy studies 
showed that AvrP accumulated in the host nucleus. In Y2H assays, the interaction of the BD 
(GAL4 DNA-binding domain)-fused protein with the AD (transcriptional activation domain)-
fused protein leads to the activation of reporter gene expression. BD-fused AvrP123 strongly 
activated GAL4 upstream HIS3 reporter gene in the absence of the AD-fusion in Y2H assays, 
suggesting that AvrP123 can directly influence transcriptional activation function in yeast. It is 
therefore plausible that AvrP may be involved in manipulating host-gene expression during 
infection by acting as a transcription factor, however, our inability to show DNA binding is 
inconsistent with this type of function and this hypothesis requires further  investigation. There 
are a number of effectors secreted by bacteria that have been shown to influence host gene 
transcription. For example, the bacterial type III effector proteins, AvrXa7 and AvrBs3, both 
contain a nuclear localization signal (NLS) and an acidic transcription activation domain 
(AAD), and are targeted to host nuclei to interact with the host DNA and transcriptional 
machinery (Szurek et al., 2001; Yang et al., 2000). It is unclear if AvrP variants are targeted to 
the host nucleus through NLS-dependent import and activate transcription, similar to these 
bacterial effectors. No obvious NLS is present in AvrP variants. A preliminary GST-pull-down 
test showed that AvrP and AvrP123 do not interact with rice importin-α (Chang et al., 2012) 
(data not shown). The C-terminal regions of AvrP variants have some features of AAD domains, 
which consist of an excess of negatively charged residues (D and E) and are structurally 
disordered (Ptashne and Gann, 1997). Further investigation is required to address whether AvrP 
variants act as transcription factors and whether nuclear localization is required to trigger the R 
protein specific defence. 
The direct interaction model appears to best describe the specific recognition of Avr proteins 
by R proteins in the flax-flax rust system (Ellis et al., 2007). Although Y2H and co-IP assays 
failed to detect interactions between AvrP variants and the P proteins, our structural analyses 
and modeling support a direct interaction model. R protein signaling is a dynamic process, and 
intra- and inter-molecular interactions of the R proteins influence their binding to effectors. The 
TIR domain of L6 self-associates as part of the signaling process, and NB-ARC and LRR 
domains are also involved in intra-molecular interactions to mediate the detection of the 
effectors (Bernoux et al., 2011; Ravensdale et al., 2012). However, neither full-length P and P2 
proteins nor their TIR domains self-associated in Y2H assays (Figure 3.17). The effector 
recognition by the P proteins may be too weak to be detected using the methods used so far. 
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Figure 3.17 Y2H assay showing P and PTIR do not self-associate in yeast. The constructs were made 
fused to either an AD tag or a BD tag. As a result of the interaction between -AD and -BD fusion 
proteins, the HIS3 reporter gene is activated and enables the yeast to grow in media lacking histidine (-
HTL). The L6TIR domain was used as a positive control. 
 
The structure of AvrP reveals a novel protein fold and unexpected Zn-binding properties. To 
date, structure-based investigations of the AvrP effector function and host cell entry have 
generally shown an absence of distinguishing signatures. In addition, although the structure-
based modeling supports a direct interaction mechanism for the specific recognition by the host 
P resistance proteins, direct interaction is yet to be observed experimentally. Nevertheless, 
continued structure-guided investigation will undoubtedly provide insight into possible 
pathogen-associated function of AvrP proteins, the mechanism of fungal infection in plants and 
the plant-associated immune response. 
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Chapter 4 Structural and functional studies of Arabidopsis 
resistance-like protein SNC1 
4.1 Introduction 
Plants are engaged in a continuous battle against plant pathogens, which affects human 
activities, especially our agriculture system. Plants have evolved a sophisticated immune 
system to detect pathogens. In this system, plant resistance (R) proteins recognize pathogen 
proteins (effectors) in a highly specific manner, which leads to the effector-triggered immune 
(ETI) response (Dodds and Rathjen, 2010). The ETI events are mainly mediated by a class of 
R proteins (NB-LRRs) that contain a nucleotide-binding binding (NBARC) domain and a 
leucine-rich repeat (LRR) domain. The NB-LRR proteins are similar to the animal NOD-like 
immune receptors (NLRs), which mediate pathogen-associated molecular pattern (PAMP) 
induced innate immunity (Ausubel, 2005). A major sub-family of R proteins contain a 
Toll/interleukin-1 receptor (TIR) domain at the N-terminus. Structural and functional analyses 
of the R proteins L6 and RPS4 have previously shown that the TIR domain is both necessary 
and sufficient for triggering ETI, and that TIR domain self-association is required for 
signalling (Bernoux et al., 2011; Swiderski et al., 2009; Williams et al., 2014). 
The Arabidopsis R-like protein “suppressor of npr1-1, constitutive 1” (SNC1) is a TIR-NB-
LRR protein with no known cognate avirulence protein. A point mutation in the region 
between the NBARC and the LRR domain of SNC1 causes autoactivation of resistance 
responses in Arabidopsis (Zhang et al., 2003). SNC1 requires an association with the 
transcriptional corepressors, Topless-related 1 (TPR1) and suppressor of rps4-RLD1 (SRFR1) 
to function (Kim et al., 2010; Zhu et al., 2010), and the TIR domain of SNC1 can interact 
directly with TPR1 in vitro (Zhu et al., 2010). SNC1 contributes to the resistance response to 
the bacterial effector AvrRps4 and is predicted to form a protein complex with RPS4 and 
SRFR1 in microsomal compartments (Kim et al., 2010). In addition, SNC1 and RPS4 both 
appear to accumulate in the nucleus to enhance disease resistance (Mang et al., 2012). 
Molecular characterization of SNC1 will deepen our knowledge on both activation and 
signaling of R proteins. 
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Here I report the crystal structure of the TIR domain of SNC1. Analyses of the structure 
combined with site-directed mutagenesis reveals two distinct self-association interfaces. Our 
structure provides a model for TIR domain self-association and signaling. 
 
4.2 Results 
4.2.1 Protein purification of SNC1 TIR domain 
The SNC1 TIR domain (SNC1 residues 8-181; SNC1TIR) was produced in a soluble form in 
E. coli BL21 (DE3) cells and was purified to homogeneity using nickel affinity (NiA) 
chromatography and size-exclusion chromatography (SEC) (Figure 4.1). The yield was 
approximately 1.2 mg protein per g of bacterial pellet. 
 
Figure 4.1 Purification of the SNC1 TIR domain (SNC1TIR). The SNC1TIR was purified using NiA and 
SEC. (A) The profile of NiA chromatography showing the UV trace as a blue line. The green line 
shows the concentration of the elution buffer. (B) The profile of the SEC and SDS gel image of the 
purified protein. 
  
A B 
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4.2.2 Crystallization and preliminary X-ray diffraction analyses of SNC1 TIR 
domain 
4.2.2.1 Published peer-reviewed paper 
“Crystallization and preliminary X-ray diffraction analyses of the TIR domains of three TIR–
NB–LRR proteins that are involved in disease resistance in Arabidopsis thaliana” 
Li Wan*, Xiaoxiao Zhang*, Simon J. Williams*, Thomas Ve, Maud Bernoux, Kee Hoon 
Sohn, Jonathan D. G. Jones, Peter N. Dodds and Bostjan Kobe 
*Joint first authors 
Acta Crystallographica Section F: Structural Biology and Crystallization Communications 69, 
1275- 1280, 2013. 
4.2.2.2 Declaration on authorship 
This section of the thesis is presented in the form of a peer-reviewed journal article published 
in Acta Crystallographica Section F: Structural Biology and Crystallization Communications. 
The publication describes the methods, results and discussion of crystallization and X-ray 
diffraction analysis of the TIR domains from three Arabidopsis resistance proteins. LW (Li 
Wan), SW (Simon Williams) and myself (Xiaoxiao Zhang) contributed equally to this work. 
SW designed the protein constructs and I did the cloning for the three TIR domains. I 
expressed, purified and crystallized the TIR domain of SNC1 (SNC1TIR). I collected the X-ray 
diffraction data of SNC1TIR, and processed and analyzed the SNC1TIR data with assistance 
from SW. LW wrote the first draft including the work on RRS1TIR, and SW and I wrote the 
content on RPS4TIR and SNC1TIR, respectively. LW, SW and I refined the paper under the 
supervision of Prof Bostjan Kobe, and all the authors contributed to the critical review of the 
paper. 
 
 
 71 
crystallization communications
Acta Cryst. (2013). F69, 1275–1280 doi:10.1107/S1744309113026614 1275
Acta Crystallographica Section F
Structural Biology
and Crystallization
Communications
ISSN 1744-3091
Crystallization and preliminary X-ray diffraction
analyses of the TIR domains of three TIR–NB–LRR
proteins that are involved in disease resistance in
Arabidopsis thaliana
Li Wan,a‡ Xiaoxiao Zhang,a‡
Simon J. Williams,a‡ Thomas
Ve,a Maud Bernoux,b Kee Hoon
Sohn,c Jonathan D. G. Jones,c
Peter N. Doddsb and Bostjan
Kobea*
aSchool of Chemistry and Molecular
Biosciences, Institute for Molecular Bioscience
(Division of Chemistry and Structural Biology)
and Australian Infectious Diseases Research
Centre, University of Queensland, Brisbane,
QLD 4072, Australia, bCSIRO Plant Industry,
Canberra, ACT 2601, Australia, and cThe
Sainsbury Laboratory, Norwich Research Park,
Norwich NR4 7UH, England
‡ These authors contributed equally to this
work.
Correspondence e-mail: b.kobe@uq.edu.au
Received 11 August 2013
Accepted 26 September 2013
The Toll/interleukin-1 receptor (TIR) domain is a protein–protein interaction
domain that is found in both animal and plant immune receptors. The
N-terminal TIR domain from the nucleotide-binding (NB)–leucine-rich repeat
(LRR) class of plant disease-resistance (R) proteins has been shown to play an
important role in defence signalling. Recently, the crystal structure of the TIR
domain from flax R protein L6 was determined and this structure, combined
with functional studies, demonstrated that TIR-domain homodimerization is
a requirement for function of the R protein L6. To advance the molecular
understanding of the function of TIR domains in R-protein signalling, the
protein expression, purification, crystallization and X-ray diffraction analyses of
the TIR domains of the Arabidopsis thaliana R proteins RPS4 (resistance to
Pseudomonas syringae 4) and RRS1 (resistance to Ralstonia solanacearum 1)
and the resistance-like protein SNC1 (suppressor of npr1-1, constitutive 1) are
reported here. RPS4 and RRS1 function cooperatively as a dual resistance-
protein system that prevents infection by three distinct pathogens. SNC1 is
implicated in resistance pathways in Arabidopsis and is believed to be involved
in transcriptional regulation through its interaction with the transcriptional
corepressor TPR1 (Topless-related 1). The TIR domains of all three proteins
have successfully been expressed and purified as soluble proteins in Escherichia
coli. Plate-like crystals of the RPS4 TIR domain were obtained using PEG 3350
as a precipitant; they diffracted X-rays to 2.05 A˚ resolution, had the symmetry of
space group P1 and analysis of the Matthews coefficient suggested that there
were four molecules per asymmetric unit. Tetragonal crystals of the RRS1 TIR
domain were obtained using ammonium sulfate as a precipitant; they diffracted
X-rays to 1.75 A˚ resolution, had the symmetry of space group P41212 or P43212
and were most likely to contain one molecule per asymmetric unit. Crystals of
the SNC1 TIR domain were obtained using PEG 3350 as a precipitant; they
diffracted X-rays to 2.20 A˚ resolution and had the symmetry of space group
P41212 or P43212, with two molecules predicted per asymmetric unit. These
results provide a good foundation to advance the molecular and structural
understanding of the function of the TIR domain in plant innate immunity.
1. Introduction
Plants have developed a complex multilayered immune system to
defend themselves against invading pathogens (Jones & Dangl, 2006).
The first basal layer of immunity is termed PAMP (pathogen-
associated molecular pattern)-triggered immunity (PTI) and involves
the recognition of conserved PAMPs by pattern-recognition recep-
tors (PRRs) on the exterior surface of the plant cell. The second layer
involves the recognition of pathogen effector proteins by intracellular
disease-resistance (R) proteins and is named effector-triggered
immunity (ETI). ETI is often mediated by R proteins from the
nucleotide-binding (NB) and leucine-rich repeat (LRR) class, which
directly or indirectly recognize pathogen effector proteins. Once
activated, NB–LRR proteins trigger defence responses that are often
associated with localized cell death at infection sites through a
process known as the hypersensitive response (HR; Chisholm et al.,
2006). NB–LRR R proteins have either a coiled-coil (CC) or Toll/
interleukin-1 receptor (TIR) domain at their amino-termini and are
therefore grouped as CNL and TNL R proteins, respectively (Dodds
& Rathjen, 2010). The central NB domain is believed to act as a
# 2013 International Union of Crystallography
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molecular switch, utilizing the exchange of ADP and ATP to control
activity (Lukasik & Takken, 2009; Williams et al., 2011), while the
LRR domain has been shown to determine recognition specificity
(Dodds et al., 2006; Padmanabhan et al., 2009; Ravensdale et al., 2012;
Wang et al., 2007).
The N-terminal CC and TIR domains are believed to be involved
in R-protein signalling. Recent reports of the crystal structures of the
CC domain of the barley R protein MLA10 (Maekawa et al., 2011)
and the TIR domain of the flax R protein L6 (Bernoux et al., 2011)
helped to confirm this role. Maekawa and coworkers demonstrated
that the CC domain of MLA10 forms a homodimer and mutational
studies showed that this property is required for defence signalling
(Maekawa et al., 2011). Similarly, the TIR domain of L6 has the
capacity to homodimerize. Crystallographic and mutational studies
identified a dimerization interface and a signalling interface in this
domain. The TIR domain of L6 is also required and sufficient to
induce cell death (Bernoux et al., 2011).
InArabidopsis, RPS4 and RRS1 have been shown to cooperatively
confer resistance to both fungal and bacterial pathogens (Colleto-
trichum higginsianum, Ralstonia solanacearum and Pseudomonas
syringae pv. tomato strain DC3000 expressing avrRps4; Narusaka,
Kubo et al., 2009; Narusaka, Shirasu et al., 2009; Birker et al., 2009).
Several examples of paired NB–LRR genes acting cooperatively to
confer resistance against a pathogen have been reported (Ashikawa
et al., 2008; Lee et al., 2009; Sinapidou et al., 2004; Okuyama et al.,
2011; Yuan et al., 2011). Both RPS4 and RRS1 belong to the TNL
class of R proteins (Deslandes et al., 2002; Gassmann et al., 1999).
Interestingly, RRS1 carries an additional C-terminal WRKY DNA-
binding domain. RRS1 has been found to localize to the nucleus
(Deslandes et al., 2003), while RPS4 is distributed both in the nucleus
and cytoplasm, but nuclear localization is required for full pathogen
resistance (Wirthmueller et al., 2007). While the genetic link between
RPS4 and RRS1 in this cooperative dual-function resistance has
been established, the molecular basis of this cooperation is largely
unknown.
A mutation in the A. thaliana NB–LRR R-like protein-encoding
gene SNC1 (suppressor of npr1-1, constitutive 1) leads to an auto-
active phenotype (constitutive expression of defence genes and
enhanced disease resistance against the virulent bacterial pathogen
Pseudomonas syringae pv. maculicola ES4326 and the oomycete
pathogen Hyaloperonospora arabidopsidis Noco2; Li et al., 2001).
SNC1 has been reported to function through an association with the
transcriptional corepressor protein Topless-related 1 (TPR1; Zhu
et al., 2010). Overexpression of TPR1 activates SNC1-mediated
immune responses, and GST pull-down assays have demonstrated
that TPR1 associates with the SNC1 TIR domain in vitro (Zhu et al.,
2010). However, the molecular basis of these associations remains
unknown.
As a step towards further elucidating the mechanisms involved
in R-protein signalling, we report the expression, purification and
crystallization studies of the TIR domains of the A. thaliana proteins
RPS4, RRS1 and SNC1. Because RPS4 and RRS1 function as a dual
resistance-protein system, the study should reveal interesting differ-
ences in the molecular mechanism of TIR-domain signalling
compared with the L6 protein. Comparative studies of different
R-protein TIR domains will further shed light on the common
features of the interfaces involved in TIR–TIR domain interactions.
2. Materials and methods
2.1. Protein production and purification
The cDNAs comprising the TIR domains, encoding residues 6–153
of RRS1 (designated RRS1TIR) and 10–178 of RPS4 (designated
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Table 1
Crystallographic data collection and processing.
Values in parentheses are for the outer shell.
RPS4 RRS1 data set 1 RRS1 data set 2 SNC1
Detector ADSC Quantum 315r CCD ADSC Quantum 315r CCD ADSC Quantum 315r CCD ADSC Quantum 315r CCD
Wavelength (A˚) 0.9537 0.9537 1.3776 0.9537
Temperature (K) 100 100 100 100
Crystal-to-detector distance (mm) 320 180 170 310
Rotation range per image (") 1 1 1 0.5
Exposure time per image (s) 1 1 1 1
Space group P1 P41212 or P43212 P41212 or P43212 P41212 or P43212
Unit-cell parameters
a (A˚) 33.92 71.26 71.38 82.18
b (A˚) 78.64 71.26 71.38 82.18
c (A˚) 80.67 66.72 66.90 124.1
! (") 65.63 90.00 90.00 90.00
" (") 78.64 90.00 90.00 90.00
# (") 78.93 90.00 90.00 90.00
Average mosaicity† (") 0.20 0.16 0.15 0.15
Resolution range (A˚) 19.6–2.05 (2.11–2.05) 71.24–1.75 (1.78–1.75) 71.38–2.00 (2.11–2.00) 19.68–2.20 (2.27–2.20)
Total No. of reflections 165463 (10611) 251704 (10757) 929431 (130931) 372024 (32369)
No. of unique reflections 43623 (2762) 17927 (955) 12244 (1735) 22223 (1888)
Completeness (%) 94.0 (75.3) 100.0 (100.0) 100.0 (99.8) 99.8 (99.6)
Multiplicity† 3.8 (3.8) 14.0 (11.3) 75.9 (75.5) 16.7 (17.1)
Mean I/$(I) 16.0 (5.9) 32.3 (1.7) 61.7 (11.5) 17.8 (2.1)
Rmeas‡ (%) 7.0 (27.3) 7.0 (167.3) 7.0 (64.3) 18.0 (184.9)
Rp.i.m.§ (%) 3.6 (13.9) 1.9 (49.4) 0.8 (7.3) 4.3 (44.1)
CC1/2} 0.99 (0.95) 0.99 (0.59) 0.99 (0.98) 0.99 (0.69)
Matthews coefficient†† (A˚3 Da#1) 2.44 2.49 2.51 2.63
DelAnom correlation between half sets† 0.43 (0.03)
† Calculated with AIMLESS (Evans & Murshudov, 2013) within the CCP4 suite (Winn et al., 2011). ‡ Rmeas =
P
hklfNðhklÞ=½NðhklÞ # 1'g1=2
P
i jIiðhklÞ # hIðhklÞij=
P
hkl
P
i IiðhklÞ,
where Ii(hkl) is the intensity of the ith measurement of an equivalent reflection with indices hkl. § Rp.i.m. =
P
hklf1=½NðhklÞ # 1'g1=2
P
i jIiðhklÞ # hIðhklÞij=
P
hkl
P
i IiðhklÞ. } Pearson
correlation coefficient between independently merged halves of the data set, as defined by Karplus & Diederichs (2012) and calculated with AIMLESS (Evans & Murshudov, 2013)
within the CCP4 suite (Winn et al., 2011). †† Calculated with MATTHEWS_COEF (Kantardjieff & Rupp, 2003; Matthews, 1968) within the CCP4 suite (Winn et al., 2011);
corresponding to the most likely number of molecules in the asymmetric unit.
RPS4TIR), were amplified by PCR and inserted into the pMCSG7
vector using ligation-independent cloning (Stols et al., 2002) using the
following primer combinations (RRS16FW, 50-TACTTCCAATCCAAT-
GCGAAGGATGAGGAATTCGTGTGCATCAGCTGCGTAG-30;
RRS1153RV, 50-TATTCCACTTCCAATGTTATCCAATTCGTCCAA-
CATAAAAGTGCGTCTCGTACACATC-30; RPS410FW, 50-TACTTC-
CAATCCAATGCGGAAGACAAGCCACCGCAGCATCAGGTG-30;
RPS4178RV, 50-TTATCCACTTCCAATGTTATATTCCGGTCA-
ACGCTGTCTTCACCGCC-30). For SNC1, a synthetic gene, codon-
optimized for expression in Escherichia coli, that encoded residues
1–184 was purchased from GeneArt (Life Technologies). The cDNA
for the TIR domain-encoding residues 8–181 of SNC1 (designated
SNC1TIR) was amplified by PCR and inserted into the pMCSG7
vector using ligation-independent cloning (Stols et al., 2002) using the
primer combination SNC18FW, 50-TACTTCCAATCCAATGCG-
GGTAGCCGTCGTTATGATGTTTTTCCGAG-30; SNC1181RV,
50-TATTCCACTTCCAATGTTAACCAAAATCATCACTCGGGG-
TCATGGTTT-30. The resulting constructs contained an N-terminal
His6 tag followed by a TEV (Tobacco etch virus) protease cleavage
site. The integrity of the constructs was confirmed by sequencing. The
expected molecular weights of RPS4TIR, RRS1TIR and SNC1TIR
are 20, 17 and 19 kDa, respectively. The RRS1TIR and RPS4TIR
constructs were expressed in E. coli Rosetta (DE3) cells, while
SNC1TIR was expressed in E. coli BL21 (DE3) cells. For expression,
the auto-induction method was used (Studier, 2005). In brief, cells
were grown by continuous shaking at 310 K until the OD600 nm
reached 0.6–0.8. The temperature was then lowered to 293 K for
RPS4TIR and SNC1TIR and to 288 K for RRS1TIR and the cells
were grown for a further 18 h before harvesting by centrifugation.
Cells expressing RPS4TIR and SNC1TIR were resuspended in lysis
buffer consisting of 50 mM HEPES pH 8.0, 500 mM NaCl, 1 mM
DTT, while the cells expressing the RRS1TIR domain were resus-
pended in lysis buffer consisting of 50 mM HEPES pH 8.0, 150 mM
NaCl, 1 mM DTT. The cells were lysed using sonication and were
clarified by centrifugation (10 000g) for 40 min. The resulting super-
natant was applied onto a 5 ml HisTrap column (GE Healthcare) pre-
equilibrated with lysis buffer containing 30 mM imidazole. An A¨KTA
FPLC system (GE Healthcare) was used for all chromatography
steps. The column was washed with lysis buffer containing 30 mM
imidazole to remove proteins interacting nonspecifically and the
bound protein was eluted using a linear gradient of imidazole from 30
to 250 mM. Fractions containing the protein of interest, as deter-
mined by Coomassie-stained SDS–PAGE, were pooled and buffer-
exchanged into a TEV protease-compatible buffer (100 mM Tris pH
8.0, 250 mM NaCl, 1 mM DTT, 0.05 mM EDTA). The N-terminal
His6 tag was removed by overnight treatment with His6-tagged TEV
protease at 277 K (100 mg per 5 mg of the protein of interest). The
cleaved protein was reapplied onto the HisTrap column (pre-equili-
brated with lysis buffer containing 30 mM imidazole) to remove the
TEV protease and other contaminants. Unbound material that
contained the tag-cleaved protein of interest was collected, concen-
trated and applied onto a Superdex 75 HiLoad 26/60 size-exclusion
column (GE Healthcare) pre-equilibrated with gel-filtration buffer
consisting of 10 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. The
peak fractions were pooled and concentrated using Amicon Ultra-15
Centrifugal Filter Units (Millipore) to final concentrations of
10 mg ml#1 for RPS4TIR and SNC1TIR and 16 mg ml#1 for
RRS1TIR. The purity of all of the purified proteins was estimated to
be greater than 95% by Coomassie-stained SDS–PAGE. All proteins
were stored in the gel-filtration buffer in aliquots at 193 K prior to
setting up crystal trays.
2.2. Crystallization and X-ray data collection and processing
The optimal protein concentration for crystallization was deter-
mined using the PCT screen (Hampton Research). Initial screening
was conducted in 96-well plates (Labtech) at 293 Kusing the hanging-
drop vapour-diffusion method. Eight commercial screens were
utilized: Index, PEG/Ion and PEGRx (Hampton Research),
Morpheus, ProPlex, JCSG plus and PACT premier (Molecular
Dimensions) and Precipitant Synergy (Emerald BioSystems).
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Figure 1
(a) Crystals of RPS4TIR grown after 1 d in 23%(w/v) PEG 3350, 0.2M ammonium
citrate pH 6.5, 0.2M sodium chloride (approximate dimensions 150 ( 150 (
10 mm). (b) Crystals of RRS1TIR grown after 1 d in 0.1M bis-tris pH 7.0, 1.8M
ammonium sulfate (approximate dimensions 180 ( 120 ( 80 mm). (c) Crystals of
SNC1TIR grown after 1 d in 18%(w/v) PEG 3350, 9%(w/v) glycerol, 0.1M MMT
buffer pH 7.5 ()0.6 mm in the longest dimension).
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Hanging drops consisting of 100 nl protein solution and 100 nl
reservoir solution were set up using a Mosquito robot (TTP LabTech,
UK) and were equilibrated against 100 ml reservoir solution. The
drops were monitored and imaged using a Rock Imager system
(Formulatrix, USA).
Hits from the initial crystallization screens were optimized by
varying the protein concentration, the precipitant concentration, the
pH and the drop size and by using the Additive Screen (Hampton
Research). Crystals were mounted in nylon loops and transferred into
well solution containing 25%(v/v) glycerol as the final concentration
prior to flash-cooling in liquid nitrogen.
For both RPS4TIR and SNC1TIR, an X-ray diffraction data set
was collected from one single crystal in each case on the Australian
Synchrotron MX2 beamline at a wavelength of 0.9537 A˚ (Table 1).
Two data sets were collected for RRS1TIR at wavelengths of 0.9537
and 1.3776 A˚ (named data set 1 and 2, respectively) on the Australian
Synchrotron MX2 beamline (Table 1). Data were collected using the
Blu-Ice software (McPhillips et al., 2002), indexed and integrated
using XDS (Kabsch, 2010) and scaled with AIMLESS (Evans &
Murshudov, 2013) within the CCP4 suite (Winn et al., 2011).
3. Results and discussion
The domain boundaries of the expression constructs were selected
based on sequence alignments of RPS4, RRS1 and SNC1 with TIR
domains of known structure, including those from flax L6 protein
(Bernoux et al., 2011) and Arabidopsis NP_177436/At1g72930
(AtTIR; Chan et al., 2010). The sequence identities of RPS4TIR,
RRS1TIR and SNC1TIR to L6TIR are 28, 16 and 36%, respectively.
The sequence identities of RPS4TIR, RRS1TIR and SNC1TIR to
AtTIR are 32, 23 and 37%, respectively. Four truncated variants each
of the RRS1 TIR domain (residues 1–148, 1–153, 6–148 and 6–153)
and the RPS4 TIR domain (residues 1–178, 1–183, 10–183 and 10–
178) were generated. For the RRS1 TIR domain, the RRS16–153
variant (comprising residues 6–153; referred to here as RRS1TIR)
was chosen for further study because of the superior protein-
expression levels achieved in E. coli and the higher purity obtained
after purification. For the RPS4 TIR domain, all four variants were
soluble and could be purified to homogeneity. Both the RPS41–183
and the RPS410–178 variants yielded crystals in sparse-matrix screens.
However, the crystals formed by RPS410–178 (referred to here as
RPS4TIR) proved easier to optimize and diffraction-quality crystals
were obtained. For the SNC1 TIR domain, the SNC18–181 variant
Figure 2
Diffraction images of RPS4TIR, RRS1TIR and SNC1TIR crystals. The X-ray diffraction images were collected on the MX2 beamline of the Australian Synchrotron (see x2
and Table 1 for details). (a) Diffraction image of the RPS4TIR crystal, (b) diffraction image of the RRS1TIR crystal (from data set 1), (c) diffraction image of the SNC1TIR
crystal.
(referred to here as SNC1TIR) was studied and could be produced in
a soluble form in E. coli.
The optimal concentrations for the crystallization of RPS4TIR,
RRS1TIR and SNC1TIR were determined to be 10, 2 and 5 mg ml#1,
respectively. Initial crystallization screening was conducted at 293 K
using 200 nl drops in 96-well plates. Crystals of RPS4TIR grew after
1 d in JCSG plus condition No. 3 consisting of 0.18M tribasic
ammonium citrate, 20%(w/v) PEG 3350. After initial optimization
experiments in which the precipitant, salt and pH were manipulated,
the crystals remained small and fragile. In an attempt to improve
the crystal growth and morphology, we used the Additive Screen
(Hampton Research). It was observed that the addition of numerous
chloride-containing salts greatly improved the crystal morphology,
with sodium chloride achieving the best morphological appearance.
Long and thin plate-like crystals were obtained using a protein
concentration of 10 mg ml#1 in a crystallization condition consisting
of 23%(w/v) PEG 3350, 0.2M ammonium citrate pH 6.5, 0.2M
sodium chloride at 293 K (Fig. 1a). A data set was collected for
RPS4TIR to 2.05 A˚ resolution (Table 1; Fig. 2a). The crystals of
RPS4TIR have the symmetry of space group P1 and are most likely
to contain four molecules in the asymmetric unit, corresponding to
a solvent content of 49% as calculated by MATTHEWS_COEF
(Matthews, 1968; Kantardjieff & Rupp, 2003) within the CCP4 suite
(Winn et al., 2011).
Crystals of RRS1TIR appeared after 1 d in Index condition No. 4
consisting of 0.2M ammonium sulfate pH 7.5, 0.1M bis-tris pH 6.5.
After optimization, tetragonal crystals were obtained in a buffer
consisting of 0.1M bis-tris pH 7.0, 1.8M ammonium sulfate using a
protein concentration of 2 mg ml#1 at 293 K (Fig. 1b). A data set
was collected at 1.75 A˚ resolution (Table 1; Fig. 2b). The crystals of
RRS1TIR have the symmetry of space group P41212 or P43212 and
are most likely to contain one molecule in the asymmetric unit,
corresponding to a solvent content of 50% as calculated by
MATTHEWS_COEF (Matthews, 1968; Kantardjieff & Rupp, 2003)
within the CCP4 suite (Winn et al., 2011).
The RRS1 TIR domain is an atypical plant TIR domain because
it has a shorter !D helical region compared with other plant TIR
domains (Fig. 3). AtTIR (Chan et al., 2010) represents the best
sequence match for the RRS1 TIR domain to any protein with known
structure, with a sequence identity of 21%. In light of the low
sequence identity and the deletion within the !D helical region, we
were unsure whether molecular replacement (MR) would be suitable
for structure determination. To provide additional phase information
based on sulfur single-wavelength anomalous diffraction (SAD),
another data set was collected from the same crystal at a longer
wavelength to maximize the anomalous signal from the S atoms
(Table 1; the wavelength was chosen as a compromise to balance
radiation damage and maximizing the anomalous signal). There are
five S atoms in one molecule of the RRS1 TIR domain contributed by
one methionine residue and four cysteine residues. We do not expect
that the structure can be solved based solely on sulfur SAD data and
intend to solve the structure by a combination of MR and SAD
phasing.
The initial crystallization screens for SNC1TIR were set up with a
protein concentration of 5 mg ml#1. Crystals of SNC1TIR appeared
after 1 d under several different screening conditions with PEG 3350
as precipitant, including Index condition No. 44 consisting of 0.1M
HEPES pH 7.5, 37.5%(w/v) PEG 3350 and Index condition No. 45
consisting of 0.1M Tris pH 8.5, 37.5%(w/v) PEG 3350. Optimization
was carried out with PEG 3350 as precipitant and MMT (l-malic acid,
MES, Tris) buffer to control the pH (Newman, 2004). The initial
crystals were long and needle-like. Thicker orthorhombic crystals
were obtained after glycerol was added to the screening solution. The
best crystals grew in 18%(w/v) PEG 3350, 9%(w/v) glycerol, 0.1M
MMT buffer pH 7.5 with a protein concentration of 5 mg ml#1 at
293 K (Fig. 1c). A data set was collected to 2.20 A˚ resolution (Fig. 2c).
The crystals of SNC1TIR have the symmetry of space group P41212
or P43212 and are most likely contain two molecules in the asym-
metric unit, corresponding to a solvent content of 53% as calculated
by MATTHEWS_COEF (Matthews, 1968; Kantardjieff & Rupp,
2003) within the CCP4 suite (Winn et al., 2011).
Structure determination of the RPS4, RRS1 and SNC1 TIR
domains is currently under way. The crystal structures will provide
new insights into the molecular details of the roles of TIR domains
during plant immune signalling and in particular any differences
between the RPS4/RRS1 dual resistance-protein system compared
with the L6 protein. Comparative studies of different R-protein TIR
domains will further shed light on the common features of the
interfaces involved in TIR–TIR domain interactions.
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Figure 3
Multiple sequence alignment of TIR domains. Amino-acid sequences from the TIR domains of Arabidopsis RPS4 (residues 15–191), Arabidopsis SNC1 (10–180),
Arabidopsis RPP1-WsA (50–229), tobacco N (10–191) and Arabidopsis RRS1 (6–153) were aligned with the sequences of TIR domains with known crystal structures,
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4.2.3 Structure determination 
The structure of SNC1TIR was solved by molecular replacement (MR) using the L6 TIR 
domain structure (L6TIR, PDB ID 3OZI) as a template. The sequence identity between the TIR 
domains of SNC1 and L6 is 36% and the MR search resulted in a solution with log-likelihood 
gain (LLG) and translation-function Z score (TFZ) of 270.6 and 7.73, respectively. The 
resulting model was refined with data between 19.68 and 2.2 Å to Rwork and Rfree of 17.82% 
and 21.68%, respectively. The refinement statistics are shown in Table 4.1. 
Table 4.1 Refinement statistics 
Refinement statistics  
Resolution range (Å) 19.68-2.2 
Rwork (%) a 17.82 
Rfree (%)b 21.68 
No. of non-H atoms  
Total 2648 
Non-solvent 2436 
Water 212 
Average isotropic B value (Å2) 49.3 
R.m.s.d. from ideal geometry  
Bond lengths (Å) 0.013 
Bond angles (°) 2.35 
Ramachadran plot, residues in (%)  
Favoured regions 97.6 
Additionally allowed regions 12.4 
Outlier regions 0 
a Rwork = ∑hkl ||Fobs|-|Fcalc||/∑hkl |Fobs|, where Fobs and Fcalc are the 
observed and calculated structure factor amplitudes. 
b Rfree is equivalent to Rwork but calculated with reflections (5%) 
omitted from the refinement process. 
 
  
 78 
IV Structural and functional studies of SNC1 
 
4.2.4 Crystal structure of the SNC1 TIR domain 
The final model of SNC1TIR crystals contains two molecules in the asymmetric unit, which 
differ by an RMSD of 0.284 Å. Each molecule shows a globular fold consisting of a four-
stranded parallel β-sheet (βA, βC-βE strands) surrounded by five α-helices (αΑ-αΕ) (Figure 
4.2A). The overall fold of the SNC1TIR structure is similar to the L6TIR with an overall RMSD 
value of 1.8 Å (Figure 4.2B). The secondary structure elements of SNC1TIR were named 
following the nomenclature used in L6TIR (Bernoux et al., 2011). No electron density was 
observed for the N-terminal residues 8-9, residues 46-57 and C-terminal residues 176-181. 
The internal gap at residues 46-57 corresponds to the βB-strand, the BB loop and part of the 
αB helix in L6TIR (Figure 4.2 A, D). The αΕ helix of SNC1TIR starts immediately after the βE 
strand and is kinked at the residue P156, which results in a large conformational difference of 
the EE loop compared to L6TIR. 
The SNC1TIR structure was compared to known TIR domain structures using the Dali server 
(Holm and Rosenstrom, 2010). SNC1TIR shares 36%, 31% and 35% sequence identity with 
the plant TIR domains in L6, AtTIR (PDB ID 3JRN) and RPS4 (PDB ID 4C6T), respectively, 
and shares the highest structural similarity with AtTIR with a Z-score and RMSD values of 
24.7 and 1.2 Å, respectively. Like SNC1TIR, the BB-loop and the αB-helix are also missing 
from the AtTIR structure (Chan et al., 2010). SNC1TIR and AtTIR also have a more similar 
orientation of the EE loops (Figure 4.2C). The mammalian and the bacterial TIR domains 
share ~20% sequence identity to SNC1TIR, and among them the TIR domain of human 
MyD88 adaptor-like protein (Mal, PDB ID 3UB3) has the highest structural similarity with a 
Z-score and RMSD value of 11.7 and 2.6 Å, respectively. SNC1TIR contains a third αD-helix 
(αD3) that was observed as a unique feature in plant TIR domains and is absent from 
mammalian and bacterial TIR domains (Chan et al., 2010) (Figure 4.2 E, F). The SNC1TIR 
structure consists of a region with similar size to the minimal autoactive region of L6TIR, 
which was found to be sufficient to trigger effector-independent cell death in planta (Bernoux 
et al., 2011).  
 79 
IV Structural and functional studies of SNC1 
 
Figure 4.2 The crystal structure of SNC1TIR and sequence alignment.  
A 
B C 
D 
 80 
IV Structural and functional studies of SNC1 
 
 
 
Figure 4.2 (continued) (A) The overall structure of SNC1TIR. The secondary structure elements are 
named according to the nomenclature used in the L6 TIR domain structure. The two ends of the 
flexible internal region are indicted by asterisks (*). (B) Superimposition of SNC1TIR (green) and the 
L6 TIR domain structures (L6TIR, PDB ID 3OZI) (blue). L6TIR contains the βB strand, BB loop and αB 
helix that are missing in the SNC1TIR structure. The αE helix of SNC1TIR kinks at residue P156 and 
results in a conformational difference of the EE loop compared to L6TIR. (C) Superimposition SNC1TIR 
(green) and the Arabidopsis protein AtTIR (PDB ID 3JRN) (magenta). The βB strand, BB loop and 
part of the αB helix are also missing in the AtTIR structure. The EE loop of AtTIR has a similar 
orientation to SNC1TIR. (D) Sequence alignment of representative plant TIR domains. The secondary 
structure elements for SNC1TIR and L6TIR are shown above and below the sequence alignment, 
respectively. The internal residues missing from the SNC1TIR structure are indicated by dashes (-). (E) 
Superimposition of SNC1TIR (green) and the MAL TIR domain (MALTIR, PDB ID 3UB2) (purple). 
Among the animal and bacterial TIR domains, MALTIR has the highest structural similarity to 
SNC1TIR. SNC1TIR contains the αD3 helix that was only found in plant TIR domains, not in animal and 
bacterial TIR domains. (F) Sequence alignment of SNC1TIR and MALTIR. The secondary structure 
elements for SNC1TIR and MALTIR are shown above and below the sequence alignment, respectively. 
  
E F 
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4.2.5 SNC1 TIR domain self-associates 
TIR domain self-association is required for the activation of many TIR domain-containing 
immune receptors in both plants and animals. The mammalian Toll-like receptors (TLRs) 
signal by recruiting downstream adaptor proteins through their intracellular TIR domains (Ve 
et al., 2012). The TIR domain of L6 is both necessary and sufficient for the activation of the 
effector-independent immune response (Bernoux et al., 2011). Bernoux and Ve, et al. (2011) 
also demonstrated that the L6 TIR domain self-association is required for immune signaling. 
The self-association of SNC1TIR was examined by size-exclusion chromatography coupled to 
multi-angle light scattering (SEC-MALS), and by yeast-two-hybrid (Y2H) assays. The 
purified SNC1TIR protein (residues 8-181) was loaded onto the column at protein 
concentrations of 2 mg/ml, 5 mg/ml and 10 mg/ml. The average molecular mass of the elution 
peaks at the three protein concentrations was 23.6 kDa, 25.8 kDa and 28.3 kDa, respectively. 
The molecular mass was between the expected mass for a monomer (20.1 kDa) and a dimer 
(40.2 kDa), and increased with increasing protein concentration (Figure 4.3A). The SEC 
profile showed an asymmetric peak at all the protein concentrations and the molecular mass 
distribution was uneven within each peak. Overall, this suggested that SNC1TIR self-associates 
and that the association is in a reversible equilibration between monomeric and oligomeric 
species. 
The SNC1 TIR domain self-association was further examined using Y2H assays. A construct 
containing the TIR domain of the SNC1 protein (1-179) and a longer construct additionally 
containing the P-loop of the NBARC domain (1-226) were expressed as pairwise 
combinations of the transcriptional activation domain (AD) and the GAL4 DNA-binding 
domain (BD) fusion proteins in yeast. Self-association can be identified by the activation of 
the reporter gene and growth of the yeast in selective media. The L6 TIR domain construct 
(29-233) was used as a positive control. Neither of the SNC1TIR fusion proteins showed 
significant yeast growth (Figure 4.3B), indicating that the self-association of SNC1 TIR 
domain cannot be detected in yeast. 
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Figure 4.3 Self-association of the SNC1 TIR domain. (A) Solution properties of SNC1TIR analyzed 
by SEC-MALS. Blue, green and red peaks indicate the trace from the refractive index detector during 
size exclusion chromatography of SNC1TIR. The lines under the peaks correspond to the average 
molecular mass distributions across the peak (equivalent coloring). The average molecular mass 
within the peak is shown in the right panel. (B) Self-association test using Y2H assays. Yeast cells 
coexpressing BD and AD SNC1 TIR domain fusions were tested for growth in minimal media lacking 
tryptophan and lysine (-TL) and selective media additionally lacking histidine (-HTL). 
  
SNC1TIR MW (kDa) 
2 mg/ml 23.6 
5 mg/ml 25.8 
10 mg/ml 28.2 
AD/BD 
L6 29-233 
SNC1 1-179 
SNC1 1-226 
A 
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4.2.6 Identification of TIR-TIR domain interfaces in the crystal structure 
To identify possible interaction interfaces for TIR domain self-association in SNC1, the 
structure of SNC1TIR was analyzed using the PISA server (Krissinel and Henrick, 2007). Two 
main interfaces were observed in the crystal, with a total buried surface area of approximately 
1000.2 Å2 (interface 1) and 812.2 Å2 (interface 2) (Figure 4.4A), respectively. Interface 1 was 
observed between the two chains in the asymmetric unit, consisting of a network of 16 
hydrogen bonds and electrostatic interactions mainly formed between the αA and αE helices 
(Figure 4.4B). At one end of the αA and αE helices, the side chain of residue K33 forms 
hydrogen bonds and electrostatic interactions with residues E34 and E163 from the second 
molecule. The other end of the αA and αE helices is connected through the interaction 
between residues D25 and E158. At the core of the interface 1 (Figure 4.4C), the residue S29 
forms close contact with the residue A159, and the neighboring residues H30 and E158 are 
connected by hydrogen bonds and salt bridges. The connection is further enhanced by the 
stacking structure formed by the two imidazole groups of the residues H30. 
The interface 2 includes the αD1 and αE helices and features limited interactions (Figure 
4.4D). The two αE helices of the two chains in the pair (i.e. chain A and chain B) are 
connected by the interaction between the residues R153 and K154 of the chain A, and 
residues K154 and E164 of the chain B. The side chain of the residue K112 in the αD1 helix 
of the chain A points to the αE helix of the chain B and forms electrostatic interactions with 
the residue E167 in the αE helix. 
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A 
B 
C 
D Figure 4.4 The two interfaces identified in the 
SNC1TIR structure. (A) Ribbon representation of 
the two interfaces. Interface 1: The yellow and 
green molecules correspond to the two chains in the 
asymmetric unit, while the blue molecule is related 
to the yellow molecule by a crystallographic 
symmetry axis. (B) and (C) show residues in 
interface 1. (D) shows the residues in interface 2. 
All the key residues are shown as sticks. 
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4.2.7 Amino acid sequence and structural conservation of the SNC1TIR interfaces 
Our work on the TIR domains of RPS4, RRS1 and L6 has identified two distinct interfaces 
involved in self-association (Bernoux et al., 2011; Williams et al., 2014). The putative 
SNC1TIR interfaces were investigated to identify similarities to these interfaces and whether 
the interfaces are conserved in the plant TIR domain family. 
Structural comparison show that interface 1 of SNC1 is similar to the dimerization interface 
of the RPS4 TIR domain (RPS4TIR), as both involving an interaction between the αA and αE 
helices. Figure 4.5A shows a comparison of the SNC1TIR and RPS4TIR interfaces. After 
superimposition of one molecule in the pair, the orientation of the αA and αE helices in the 
second molecule is about identical in SNC1TIR and RPS4TIR. The core of the RPS4TIR 
interface also contains of a pair of SH (serine and histidine) residues that provide 
complementary stacking and hydrogen-bonding interactions (Figure 4.5B). Williams et al. 
(2014) demonstrated that the SH motif stabilized the hetero/homo dimer of RPS4 and RRS1 
TIR domains, and the histidine residue is highly conserved in the plant TIR domains. This is 
illustrated here by a sequence alignment of plant TIR domain proteins, which share 35~95% 
sequence identity with SNC1TIR. Key residues involved in the SNC1TIR interface 1 interaction 
are highly conserved, including residues S29, H30 and E158 (Figure 4.5C). Mapping of the 
sequence conservation onto the surface of the SNC1TIR structure reveals a conserved surface 
patch located at the core of the interface (Figure 4.5D). The presence of this interface in 
SNC1 provide further support to this interface being common/conserved in plant TIR 
domains as proposed in Williams et al 2014. 
Interface 2 of SNC1 shows some similarities to the L6 TIR domain (L6TIR) self-association 
interface, as both interfaces include residues from the αD1, DE loop, βE strand and αE helix 
(Figure 4.5 E). However, the SNC1TIR and L6TIR molecules in the pair are rotated ~20° 
relative to each other (Figure 4.5F, the angle between the two αE helices is 21.5°). Unlike 
L6TIR, the αD3 helix of SNC1TIR does not interact with the second chain, resulting in a smaller 
buried surface area (812.2 Å2 in SNC1TIR, 890 Å2 in L6TIR). Sequence analysis of plant TIR 
domains revealed that the key residues in interface 2, such as K112, K154 and E164, are not 
conserved (Figure 4.5G). Most residues buried in the interface 2 are highly variable. Two 
conserved residues, A108 and G148, are buried in the interface, but they do not interact with 
residues from the second chain. 
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Figure 4.5 Structural and sequence analyses of the SNC1TIR interfaces. 
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Figure 4.5 (continued) (A), (B), (E) and (F) show structural comparisons of the SNC1TIR interface 1 
(green) with the RPS4TIR (wheat) (A & B), or L6TIR (teal) (E & F) self-association interfaces. Only one 
chain in the pair was superimposed. (B) The cores of SNC1TIR interface 1 and RPS4TIR self-association 
interface. The key residues are colored as in (A). (C) and (G) show the sequence logo (Weblogo 3.3) 
(Crooks et al., 2004) based on the sequence alignment of 516 plant TIR domains generated by PSI-
Blast (Margelevicius and Venclovas, 2005) search with SNC1TIR (35~95% identity to SNC1TIR). The 
sequence and secondary structure elements of SNC1TIR are shown below the logo. Buried surface 
residues are shown in blue and the key interacting residues are marked by asterisks (*). (D) and (H) 
show the degree of conservation mapped onto the surface of the SNC1TIR structure (Consurf) 
(Ashkenazy et al., 2010). Variable and conserved regions are colored in cyan and purple, respectively. 
The buried surface areas are contoured by mesh. (C) and (D) correspond to interface 1, and (G) and 
(H) correspond to interface 2. 
 
4.2.8 Mutational analysis of the SNC1 TIR domain self-association and signaling 
To test the functional roles of the two putative self-association interfaces of SNC1TIR, key 
residues involved in forming the two interfaces were mutated to alanines, and their effects on 
self-association and autoactivity were analyzed. 
Firstly, the self-association of the SNC1TIR mutants was tested in solution using SEC-MALS. 
Six residues were substituted with alanines, including four residues in interface 1 (R24A, 
S29A, K33A and H30A), and two residues in interface 2 (K112A and E164A). All the 
mutants in interface 1 had a reduced average molecular mass within the size exclusion peak, 
indicating decreased self-association of the protein. The S29A, H30A and K33A mutants had 
average molecular mass very close to the expected monomeric mass of SNC1TIR (20.1 kDa) 
and therefore abolished self-association almost completely (Table 4.2). Furthermore, unlike 
wild-type SNC1, the molecular weight of the H30A mutant did not increase with protein 
concentration (Figure 4.6A). By contrast, the K112A and E164A mutants in interface 2 had 
average molecular mass are very close to the wild-type, indicating that they had no effect on 
the self-association of SNC1TIR (Table 4.2). These observations suggested that interface 1 
most likely represents the primary self-association interface of SNC1TIR. Whether or not 
SNC1TIR also self-associates through interface 2 is still under investigation.  
We then tested the effect of the SNC1 TIR domain mutants on autoactivity. Agrobacterium 
cultures harboring SNC1TIR constructs of different lengths were infiltrated into N. 
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benthamiana leaves and revealed that only the SNC1 protein containing residues 1-226 
triggered HR. The TIR domain only protein (1-179) did not trigger HR (Maud Bernoux et al, 
unpublished data). Single amino acid mutants were therefore made based on the SNC1 (1-
226) construct, to test for their effect on autoactivity. Three mutations, S29A, H30A and SH-
AA (S29A and H30A double mutation), were made in interface 1 and two mutations, Y150A 
and K112E, were made in interface 2. All the mutations completely abolished the autoactivity 
of SNC1 1-226 (Figure 4.6B), indicating that both of the interfaces are required for 
autoactivity and there is some correlation between the self-association and autoactivity. All 
mutants and the wild-type proteins had similar protein expression levels (Figure 4.6C), 
indicating the abolition of autoactivity was not due to protein expression differences. The 
Y150A mutation was included, because L6TIR has a tryptophan residue (W202) at this 
position and substitution of this residue to alanine abolished L6TIR self-association in yeast. In 
SNC1TIR interface 2, Y150 points to the αE helix of the interacting molecule and may be 
involved in the interaction. We will test whether or not the Y150A mutant affects self-
association of SNC1TIR. 
Table 4.2 Mutational analysis of SNC1 TIR domain 
 MW (kDa) Self-association 
Mutation location 
in the crystal 
structure 
Interface Autoactivity 
WT 23 +   + 
S29A 19 - αA helix 1 - 
K33A 19.1 - αA helix 1  
R24A 21.7 - αA helix 1  
H30A 20.9 - αA helix 1 - 
E164A 23.2 + αE helix 2  
K112A 23.6 + αD helix 2 - 
SH-AA   αA helix 1 - 
Y150A   αE helix 2 - 
List of single mutations introduced in the SNC1 TIR domain. The “MW” column shows the 
average solution mass measured using SEC-MALS. The “autoactivity” column shows the 
cell death symptoms as compared with the wild-type protein. “+”, comparable to WT; “-”, 
weaker than WT. 
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Figure 4.6 Mutational analysis of the SNC1 TIR domain. (A) Solution properties of SNC1TIR H30A 
mutant analyzed by SEC-MALS. Green, red and cyan peaks indicate the trace from the refractive 
index detector during size exclusion chromatography of SNC1TIR. The lines under the peaks 
correspond to the average molecular mass distributions across the peak (equivalent coloring). (B) 
Infiltration of N. benthamiana leaves with Agrobacterium culture harboring SNC1 TIR domain (wild-
type constructs and mutants) to test for autoactivity. The mutations were made based on the 1-226 
construct. The sample was photographed 5 d after infiltration. (C) Immunoblot detection of SNC1 
TIR-YFP fusions with anti-GFP antibodies 5 days after agroinfiltration in N. benthamiana leaves. 
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4.2.9 Characterization of the SNC1 interface 1 in the L6 TIR domain 
Our study has revealed that the SNC1 TIR domain interface 1 (SNC1-1 interface), which 
includes the interaction between the αA and αE helices, is conserved in plant TIR domains 
and may be a common interface for the plant TIR-TIR domain protein interactions. No similar 
interface was identified in the L6TIR crystal structure, however, we were interested in 
generating mutations in this region of L6TIR to asses if they would have an effect on L6 TIR 
domain self-association. A structure-based sequence alignment showed that L6 had the 
residues D78 and F79 in the equivalent of the SH motif (Figure 4.7 A, B). Using SEC-MALS 
it was shown that the average molecular mass of the L6TIR protein within the size exclusion 
peak corresponded to 26.9 kDa, which was between the expected monomeric mass (23.4 kDa) 
and dimeric mass (46.8 kDa) (Table 4.3). Substitution of the F79 residue with alanine resulted 
in a decreased average molecular mass (24.5 kDa), indicating that the F79A mutation affected 
L6TIR self-association; consequently, the SNC1-1 interface may also have a role in the L6TIR 
self-association. Unlike the SNC1TIR H30A mutation, the F79A mutation did not completely 
abolish the self-association of L6TIR. It was further examined whether the SNC1-1 interface 
co-existed with the L6TIR self-association interface. Bernoux et al demonstrated that the 
mutations D208A and R164A in the L6TIR self-association interface affected L6TIR self-
association (Bernoux et al., 2011). Double mutations were made, including FD (F79A and 
D208A) and FR (F79A and R164A). The size exclusion peak of the double mutants had an 
average molecular mass almost identical to the monomeric mass, indicating that in these 
mutants self-association of L6TIR was abolished. These observations suggested that the SNC1-
1 interface and the L6 dimerization interface identified by Bernoux et al., 2011, both 
contributed to the self-association of the L6 TIR domain. These mutations are currently being 
tested in planta. 
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Figure 4.7 Location of the SH motif in the L6 TIR domain structure. (A) Superimposition of L6 TIR 
domain structure (teal) onto SNC1 interface 1 (green). The SH motif of SNC1TIR, and the 
corresponding L6 residues D78 and F79 are shown as sticks (equivalent coloring). (B) Sequence 
alignment showing the position of the conserved histidine residues in SNC1 and RPS4. L6 and AtTIR 
have a phenylalanine residue at the corresponding position. 
 
Table 4.3 Mutational analysis of the L6 TIR domain 
 MW (kDa) 
Self-
association 
Mutation location in crystal 
structure Interface 
WT 26.9 +   
F79A 24.5 - aA helix SNC1-1 
D208A 25.6 - EE loop L6 
R164A 25.1 - aD helix L6 
F_R 23.3 -- aA and aD helix Both 
F_D 23.6 -- aA helix and EE loop Both 
List of mutations introduced in the L6 TIR domain. The “MW” column shows the average 
solution mass calculated using SEC-MALS. The “self-association” column shows a 
comparison with the wild-type protein (WT); “+”, comparable to WT; “-”, weaker than WT; 
“--”, no self-association. 
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4.2.10 Detection of the interaction between SNC1 and RPS4 
Our work demonstrated that the SNC1 TIR domain (SNC1TIR) had a similar self-association 
interface to the RPS4 TIR domain. SNC1 is predicted to form a protein complex with RPS4 
and a transcriptional corepressor, SRFR1, in microsomal compartments (Kim et al., 2010). In 
addition, Williams et al. (2014) demonstrated that the RPS4 TIR domain (RPS4TIR) interacted 
with the RRS1 TIR domain (RRS1TIR) through the interface identical to the self-association 
interface. It was examined whether SNC1TIR interacted with RRS1TIR or RPS4TIR using GST 
pull-down assays. The SNC1TIR protein was produced with a GST-tag and was 
immunoprecipitated using anti-GST resin. RPS4TIR and RRS1TIR were not pulled down by 
SNC1TIR, suggesting that SNC1TIR does not interact with either RPS4TIR or RRS1TIR, or that 
the interaction is too weak to be detected by this method (Figure 4.8). Interestingly, SNC1TIR 
did not pull down itself, indicating that the self-association of SNC1TIR is too weak to be 
detected by the GST pull-down assay. 
Figure 4.8 Detection of the interaction of the SNC1 TIR domain with the RPS4 and RRS1 
TIR domains. The image shows the SDS-PAGE analysis of a GST pull-down experiment 
involving GST-fused SNC1 (8-181) and untagged RPS4 (10-178), RRS1 (6-163), SNC1 
H30A mutant, SNC1, L6 (29-233) and N (1-181).  
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4.3 Discussion 
Plant resistance (R) proteins trigger immune responses, folowing effector recognition and 
defend the plant against pathogen infection. Recent reports have begun to reveal how R 
proteins are activated and signal; however, the molecular mechanisms behind these pathways 
are still poorly understood. Structural and functional analysis of the R proteins L6 and RPS4 
demonstrated that the TIR domain is both necessary and sufficient for triggering ETI, and that 
TIR domain self-association is required for signalling (Bernoux et al., 2011; Williams et al., 
2014). Here, I report the crystal structure of the TIR domain from the Arabidopsis R-like 
protein SNC1 (SNC1TIR). The structure reveals a similar protein fold to known plant TIR 
domain structures, including AtTIR, L6 and RPS4 (Bernoux et al., 2011; Chan et al., 2010; 
Williams et al., 2014). SEC-MALS revealed that SNC1TIR self-associated in solution in a 
concentration-dependent manner. Analyses of the structure revealed two potential 
dimerization interfaces and site-directed mutagenesis showed that self-association was 
required for autoactivity. Both interfaces have recently been shown to be important for 
signaling in the TIR domains of L6 and RPS4, respectively, but this is the first time that both 
interfaces have been observed in the crystal simultaneously of a plant TIR domain. 
TIR domains are found in proteins across bacteria, animals and plants, and function as a 
protein-protein interaction domain. Structural and mutagenesis studies have revealed distinct 
TIR domain interaction interfaces in different structures. In animals, TIR domains are found 
in TLRs and their adaptor proteins, and TIR domain homo- and hetero-dimerization serve as 
key events in the signaling cascade that triggers innate immune response (Jenkins and 
Mansell, 2010). Structural and mutagenesis studies have revealed that the BB-, DD- and EE-
loop regions mediate the homo and hetero- dimerization of TIR domains in animals and 
bacteria (Ve et al., 2012). In plants, some NB-LRR proteins also associate through their TIR 
domains to mediate immune recognition (Eitas and Dangl, 2010). Mutational and structural 
studies in plant TIR domains have shown evidence for functional TIR-TIR interaction 
interfaces in regions different from the animal and bacterial TIR domains. Four plant TIR 
domain structures have been published so far: those from AtTIR, RPS4 and RRS1 
(Arabidopsis), and L6 (flax) (Bernoux et al., 2011; Chan et al., 2010; Williams et al., 2014). 
Except for AtTIR which behaved as a monomer in solution, the TIR domains of RPS4, RRS1 
and L6 all self-associated, and RRS1 and RPS4 also formed a hetero-dimer (Williams et al., 
2014). A self-association interface involving residues from the αD1, αD3, and αE helices; the 
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βE strand; and the DE and EE loop has been proposed based on the crystal structure of the L6 
TIR domain (Bernoux et al., 2011). The RPS4 and RRS1 TIR domains homo- and hetero- 
dimerization interfaces involve residues in the αA and αE helices, the EE loop and the DD 
loop (Williams et al., 2014). The SNC1 TIR domain structure suggests two interfaces that are 
similar to those proposed for the RPS4 and L6 TIR domains, designated SNC1-1 interface 
and SNC1-2 interface, respectively. Mutagenesis studies revealed that the SNC1-1 interface 
may represent the self-association interface of the SNC1 TIR domain. The key residues 
involved in the SNC1-1 interface are conserved in the plant TIR domain family, indicating 
that the SNC1-1 interface may be a common interface for plant TIR-TIR domain interactions. 
Although not observed in the crystals, our data showed that residues from this interface are 
important for L6 TIR domain self-association and may co-exist with the SNC1-2 interface in 
the L6 TIR domain. 
Mutations in the SNC1-2 interface did not affect SNC1 TIR self-association, but did interfere 
with the effector-independent cell death in planta. The SNC1-2 interface, which includes the 
αD3 and αE helices, is essential for the L6 TIR domain self-association and autoactivity 
(Bernoux et al., 2011). Several RPS4 mutations in the αD3 helix also result in loss- or gain-
of- function, indicating that this region is important for the TIR domain function (Swiderski et 
al., 2009). However, very few conserved residues map to this region, and our data is too 
limited to show whether or not this interface is also common in plant TIR domains. In 
addition, Bernoux et al. (2011) proposed that there is a second surface in the L6 TIR domain 
that is important for autoactivity and downstream signaling, and consists of the αC helix and 
the BB loop, and is independent of the self-association interface. The interface that is 
responsible for downstream signaling may be highly diverse in plant TIR domains. 
The SNC1 TIR domain self-associated in solution, but this association was not detected using 
Y2H and GST pull-down assays, indicating that the self-association of SNC1 TIR domain is 
weak. The weak association may due to the small size of the dimerization interface (~1000 
Å), as a buried interface area larger than 1000 Å is normally required for a stable protein-
protein interaction (Kobe et al., 2008). The RPS4 and RRS1 TIR domain heterodimer 
structure consists of an interface with combined buried surface area of ~1300 Å, and the 
interaction between the two TIR domains was detected in GST pull-down assays (Williams et 
al., 2014). 
 95 
IV Structural and functional studies of SNC1 
 
The TIR domains of L6, RPS4 and SNC1 are able to trigger effector independent cell death in 
planta (i.e. they are autoactive). However, the TIR domain constructs, corresponding to the 
domain boundaries defined in the crystal structures, failed to trigger effector-independent cell 
death in N. benthamiana leaves. For example, the structure of SNC1 TIR domain defined a 
domain boundary of residues 10-174, however, the corresponding SNC1 TIR domain 
construct (1-179) failed to trigger effector-independent cell death. An extended construct of 
SNC1 TIR domain including the residues 1-226 was able to trigger cell-death. The L6 TIR 
domain structure defined a domain boundary of residues 53-229, while the minimal 
autoactive region contains residues 1-233 (Bernoux et al., 2011). The N-terminal region of L6 
is targeted to the endomembrane system and the membrane attachment is required to stabilize 
the L6 protein (Takemoto et al., 2012). The short fragments subtending the N-termini or C-
termini of TIR domains may stabilize the proteins or enhance the TIR domain self-
association, and therefore are required for the TIR domain autoactivity in planta. Whether the 
additional C-terminal residues in the SNC1TIR autoactive construct affect SNC1 TIR domain 
self-association is still under investigation. 
There studies show that the TIR domains provide downstream signaling capability for plant 
TIR domain-containing R proteins and that point mutations in the TIR domains block self-
association and HR induction. However, unlike the discoveries of downstream TIR-
containing adaptor proteins in animals, the signaling partners of plant R proteins have not 
been identified. SNC1 functions with a transcriptional corepressor, TPR1, likely through 
direct interaction with the TIR domain (Zhu et al., 2010). SNC1 cross-talks with RPS4 
through another transcriptional repressor, SRFR1, and contributes to the resistance to 
AvrRps4 (Kim et al., 2010). In addition, the nuclear localization of SNC1 and RPS4 is 
essential for their activities (Cheng et al., 2009; Wirthmueller et al., 2007). No interaction 
was detected between TIR domains of SNC1 and RPS4, indicating that the cross-talk may be 
indirect or require NBARC and LRR domains. It is being investigated whether nuclear 
localization of the TIR domain is sufficient to trigger downstream signaling. 
One of the remaining challenges is to understand how R proteins are activated following 
effector recognition. The current models propose that in the absence of an effector protein, R 
proteins are held in an auto-inhibited state, whereby intra-domain interactions prevent TIR-
TIR domain self-association. Once activated, the intra-domain regulation is released and 
signaling is induced by TIR-TIR domain interactions and oligomerziation of the R proteins. 
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For instance, the NBARC domain of L6 negatively regulates L6 TIR domain dimerization by 
intramolecular interactions (Bernoux et al., 2011). The RRS1 TIR domain dimerizes with the 
RPS4 TIR domain and prevents the autoactivity of RPS4 by blocking the RPS4 TIR domain 
self-association (Williams et al., 2014). Whether a similar activation mechanism applies to 
SNC1 signaling is unclear. Our studies show that the inclusion of some of the NBARC 
domain did not inhibit SNC1 TIR domain autoactivity. A gain-of-function mutation of SNC1 
contains a single amino acid change from Glu to Lys in the region between the NBARC and 
the LRR domains and results in constitutively activation of SNC1 without pathogen induction 
(Zhang et al., 2003). It is plausible that the NBARC and LRR domains are both involved in 
the regulation of SNC1 activation. 
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Chapter 5 Structural studies of human TIR domain-containing 
protein SARM 
5.1 Introduction 
The Toll-like receptors (TLRs) are trans-membrane immune receptors that recognise invading 
pathogens and initiate defence immune responses in the host. TLRs contain intracellular TIR 
domains and recruit a family of TIR domain-containing adaptor proteins through the 
interaction between TIR domains (O'Neill and Bowie, 2007). SARM (sterile α- and 
armadillo-motif-containing protein) is a late addition to this adaptor family and is the only 
one that negatively-regulates TLR signalling (Carty et al., 2006). How SARM inhibits TLR 
signaling is still debatable. It may involve interaction with other adaptor proteins, such as 
TRIF and MyD88, or it may associate with downstream transcription factors and kinases 
(Peng et al., 2010). In mammals, SARM is preferentially expressed in neurons and targets 
injured axons for degeneration (Osterloh et al., 2012). SARM is also involved in apoptosis: it 
can be translocated into the nucleus, where it protects the nuclear lamin from apoptotic 
degradation (Sethman and Hawiger, 2013). 
The molecular mechanisms of SARM functions in TLR signalling and axon degeneration 
remain poorly understood. SARM consists of N-terminal armadillo motifs (ARM), two sterile 
α motif (SAM) domains and a C-terminal TIR domain, and is highly conserved in different 
organisms (Mink et al., 2001; O'Neill et al., 2003). The SAM and TIR domains are involved 
in signaling, as they are necessary and sufficient to both inhibit TRIF-mediate TLR signaling 
and promote axon degeneration (Carty et al., 2006; Gerdts et al., 2013). The SAM and TIR 
domains of SARM interact directly with TRIF (Carty et al., 2006). SARM dimerizes through 
the SAM domain and the dimerization is necessary for the SARM-mediated axon 
degeneration (Gerdts et al., 2013). The N-terminal region of SARM, including the ARM 
domain, mediates SARM subcellular localization and negatively regulates the SARM 
functions (Carty et al., 2006; Panneerselvam et al., 2012). 
To further investigate the molecular basis of SARM functions, we set out to determine the 
structure of full-length SARM protein and its individual domains. In this chapter, the TIR 
domain and tandem SAM domains were expressed and purified to homogeneity. Crystals of 
the tandem SAM domains have been obtained and molecular replacement and experimental 
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phasing methods were investigated to determine the structure. The molecular replacement has 
so far been unsuccessful due to the low sequence identity to other SAM domains of known 
structures and a large number of molecules in the asymmetric unit. Experimental phasing, 
using selenomethionine labbeling and heavy-atom soaking, has also been unsuccessful. 
 
5.2 Results 
5.2.1 Protein expression and purification 
5.2.1.1 Expression and purification of the SARM TIR domain 
The TIR domain constructs of SARM were produced in E. coli with a N-terminal TEV 
protease cleavable hexahistidine (His)-tag. Several constructs with different N- and C-termini 
were designed and tested on a small scale. All of the SARM TIR domain constructs had a low 
expression level and only a small amount of protein bound to the nickel affinity (NiA) resin 
(Figure 5.1). To validate that the bound protein was SARM TIR domain, one of the constructs 
(SARM 554-724), which had a slightly higher expression level, was selected for production 
on a large scale. The SARM (554-724) construct is hereby designated SARMTIR. The protein 
was first purified with nickel affinity (NiA) chromatography, followed by cleavage with the 
TEV protease. According to the SDS gel, the protein was cleaved by the TEV protease, 
indicating that it corresponds to the target His-tagged protein, rather than a non-specifically 
bound contaminant (Figure 5.2A). The protein was further purified by size-exclusion 
chromatography (SEC) (Figure 5.2B). However, it could not be completely separated from 
impurities and the final yield was low (0.03 mg from 1 L of bacterial culture) (Figure 5.2C). 
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Figure 5.1 Small-scale expression and solubility tests for SARM TIR domain constructs. Bands 
corresponding to the desired proteins are indicated by arrows. For each construct, 3 samples are shown 
on the SDS gel: cell crude fraction, soluble fraction, and elution from the NiA resin. All the constructs 
except SARM (554-717) were detected in the elution, however no significant expression can be 
detected in the cell crude fractions. 
Figure 5.2 Expression and purification of SARMTIR using the autoinduction method. Bands 
corresponding to SARMTIR are indicated by arrows. (A) The protein was cleaved by TEV protease, 
showing a change in molecular weight. The predicted molecular weight of SARMTIR is 21.5 kDa and 
18.8 kDa with and without the His-tag, respectively. (B) SDS gel of the peak fractions from the SEC 
purification step. The protein is not completely separated from impurities. (C) Purified SARMTIR. The 
protein has low purity. 
 
Optimization of the expression and purification conditions was done to obtain a higher yield 
and purity of SARMTIR. Expression was tested using both the autoinduction method and the 
IPTG induction method. For IPTG induction, different conditions were tested, including 
IPTG concentration (0.1 mM, 0.5 mM and 1 mM), induction time (2 h, 4 h and overnight), 
and induction temperature (30 °C and 37 °C). All the tests were done on a small scale and the 
samples were analyzed by SDS-PAGE (data not shown). Induction with 0.5 mM IPTG for 4 h 
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at 30 °C appeared to be the best condition based on the small-scale expression trials. However, 
when this condition was used for large-scale production, little or no SARMTIR could be 
detected after purification with NiA chromatography (Figure 5.3), indicating that sufficient 
quantities of SARMTIR cannot be obtained using the IPTG induction method. 
Figure 5.3 Expression and purification of SARMTIR using IPTG induction. (A) Small-scale expression 
test. The culture was induced with 0.5 mM IPTG for 4 h at 30 °C. The 3 samples on the SDS gel are 
the cell crude fraction (c), soluble fraction (s), and elution (e) from the NiA resin (from left to right). 
SARMTIR is indicated by an arrow. (B) Large-scale expression using the same conditions as in (A). 
The SDS gel shows fractions from the NiA chromatography purification step. The first three columns 
following the protein ladder are fractions from the washing step, corresponding to proteins that did not 
bind to the NiA column. The columns following the wash fractions are fractions from the elution step, 
corresponding to the bound His-tagged protein. The predicted molecular weight of SARMTIR is 
indicated by an arrow. 
 
The autoinduction method was also optimized. Autoinduction media contain both lactose and 
glucose. The presence of 0.05% glucose in the media blocks induction by lactose in the early 
stage of growth until the cells approach saturation and start to consume lactose (Studier, 
2005). This method allows stricter control of gene expression and the iron-rich media also 
promotes rapid cell growth. The autoinduction method was tested with different induction 
temperatures (15 °C, 30 °C and 37 °C). The E. coli strain Rosetta was also tested to overcome 
any codon usage bias. The protein was grown on a large scale and purified by NiA 
chromatography (Figure 5.4). Overnight induction at 37 °C in E. coli BL21 cells appeared to 
be the optimal condition for the autoinduction method, and SARMTIR was finally purified to 
homogeneity with a yield of 0.05 mg per 1 L of original culture. The purified protein 
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appeared to be monomeric according to the SEC profile. Expression and purification of 
codon-optimized SARMTIR was also tested, however no significant improvement in yield and 
purity was obtained. 
Figure 5.4 NiA chromatography of SARMTIR produced by different conditions with autoinduction 
media. Arrows indicate the SARMTIR protein. The best condition corresponds to the induction at 37 °C 
overnight in E. coli BL21, in which the majority of impurities become insoluble. SARMTIR can be 
purified to homogeneity using this condition (right). 
 
5.2.1.2 Expression and purification of the SARM SAM domain 
Using the analogous approaches as for the SARM TIR domain, constructs of the SAM 
domain containing different N- and C-termini were designed and tested for expression on a 
small scale (Figure 5.5A). Only the construct SARM (409-561) was expressed to a detectable 
level and was chosen for large-scale production. The SARM (409-561) construct contains two 
tandem SAM domains and is designated SARMSAM here. However only a small portion of the 
protein could be cleaved by the TEV protease (Figure 5.5B). The His-tagged protein and the 
tag-free protein could not be separated by SEC (Figure 5.5C, right). As protein crystallization 
requires homogeneous protein, the His-tagged SARMSAM was used for crystallization. 
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Figure 5.5 Expression and purification of SARMSAM. (A) Small-scale expression tests (performed by 
Nicholas Deerain). For each construct, 3 samples are shown on the SDS gel: cell crude fraction (c), 
soluble fraction (s), and the elution (e) from the NiA resin. The band corresponding to SARMSAM is 
indicated by an arrow. (B) TEV protease digestion of SARMSAM. The predicted molecular weight of 
SARMSAM is 20.2 kDa and 17.5 kDa, with and without the His-tag, respectively. (C) Purification 
using SEC of the un-cleaved protein (left) and the cleaved protein (right). 
 
5.2.1.3 Summary of the SARM constructs production  
To obtain detailed insights into SARM functions and to increase the chances of successful 
structure determination, it will be imperative to produce both full-length SARM and 
fragments comprising the ARM, SAM and TIR domain regions. Constructs containing full-
length SARM and individual domains were designed based on amino acid sequence 
alignments, protein secondary structure prediction and domain boundaries from known 
protein structures (Figure 5.6). So far, the protein expression of the SAM domain, the TIR 
domain and constructs containing both the SAM and TIR domains have been tested. This 
chapter describes the expression and purification of the TIR domain and tandem SAM 
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domains. Analogous approaches are being used in the host lab to express and purify full-
length SARM and the constructs containing the ARM domain. 
 
 
Figure 5.6 Schematic representation of the domain organization of SARM. The blue boxes indicate 
the subdomains of SARM. The grey boxes indicate structurally disordered regions, as predicted using 
RONN (Yang et al., 2005). The domain boundaries were predicted using SMART (Letunic et al., 
2014). The ARM domain corresponds to residues 58-124; the tandem SAM domains correspond to 
residues 409-554; the TIR domain corresponds to residues 561-701. Constructs were designed 
containing the individual domains or with extended N-termini (residues 279 and 317) and C-termini 
(residues 710, 717 and 724) (see Table 5.1 for details). 
Table 5.1 List of the SARM constructs tested for expression in E. coli. 
Construct 
Soluble protein 
produced Purification 
Homogenous 
protein produced 
TIR 554-701 Yes 
  
TIR 554-710 Yes Tested on a large scale 
 
TIR 554-717 No 
  
TIR 554-724 Yes Tested on a large scale Yes 
TIR 561-701 Yes Tested on a large scale 
 
TIR 561-710 Yes Tested on a large scale 
 
TIR 561-717 Yes 
  
TIR 561-724 Yes 
  
SAM 279-554 No   
SAM 279-561 No   
SAM 317-554 No   
SAM 317-561 No   
SAM 409-554 No   
SAM 409-561 Yes Tested on a large scale Yes 
The “Construct” column shows the corresponding domain included in the construct, and 
the start and stop positions of the constructs in the SARM protein. 
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5.2.2 SARMSAM forms an octamer in solution 
SAM domains are generally involved in protein-protein interactions and several reports have 
shown that SAM domains can form homo- or hetero-oligomers in solution (Stafford et al., 2011; 
Wei et al., 2011). SAM domains assemble to form a scaffold for protein-protein interactions. 
The self-association of SARMSAM was examined by size-exclusion chromatography coupled to 
multi-angle light scattering (SEC-MALS). Purified SARMSAM was loaded onto the column at 
a protein concentration of 1 mg/ml, 2 mg/ml and 3 mg/ml. The average molecular mass of the 
elution peaks at the three protein concentrations was ~160 kDa, which was 8 times the expected 
monomeric mass (20.2 kDa), indicating that the protein formed an octamer in solution. The 
molecular mass did not increase with increasing protein concentration (Figure 5.7). The size 
exclusion chromatography profile showed almost symmetric peaks at all the protein 
concentrations tested and an even molecular mass distribution was observed within each peak. 
Overall, this suggests that SARMSAM exists as a stable octamer in solution. 
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Figure 5.7 Solution properties of SARMSAM as analysed by SEC-MALS. The blue peaks indicate the 
trace from the refractive index detector during size exclusion chromatography. The red lines under the 
peaks correspond to the average molecular mass distributions across the peaks. The average molecular 
mass within each peak is shown in the lower right panel. 
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5.2.3 Crystallization of SARMTIR and SARMSAM 
The purified SARMTIR and SARMSAM proteins were used for crystallization trials. Various 
sparse matrix screens were set up to identify initial crystallization conditions and promising 
hits were optimized to obtain better quality crystals. For SARMTIR, granular precipitate was 
observed in most of the drops and a possible crystal (~70 µm in the longest dimension) 
growing out of precipitate was observed after 14 days in PACT condition D8 consisting of 20% 
(w/v) PEG 6,000, 200 mM ammonium chloride and 100 mM Tris pH 8.0, using a protein 
concentration of 3 mg/ml (Figure 5.8A). A 96-well grid screen was designed to reproduce and 
optimize these crystals. In the screen, the concentration of PEG 6,000 varied from 15 % to 24 % 
(w/v) in 1% steps. The pH varied from 5.0 to 8.5 in 0.5 unit steps, while the concentration of 
ammonium chloride was kept constant. Granular precipitate, but no crystals, was observed 
after 30 days. 
For SARMSAM, initial crystallization screens were set up with a protein concentration of 5 
mg/ml. Crystals of SARMSAM appeared after 1 d under several different conditions, including 
the PACT condition H2 consisting of 20% (w/v) PEG 3,350, 200 mM sodium bromide and 
100 mM Bis-tris propane pH 8.5; and the Morpheus condition A11 consisting of 10% (w/v) 
PEG 4000, 20% (v/v) glycerol, 30 mM magnesium chloride, 30 mM calcium chloride and 
100 mM bicine/Trizma base pH 8.5. After optimization, the best crystals (~150 µm in the 
longest dimension) were obtained in 10.7% (w/v) PEG 4000, 21.4% (v/v) glycerol, 30 mM 
magnesium chloride, 30 mM calcium chloride and 100 mM bicine/Trizma base pH 8.0 
(Figure 5.8B). 
The SARM SAM domains have low sequence identity (≤25%) with other SAM domains of 
known structure. In light of the low sequence identity, we were unsure whether the molecular 
replacement method would be suitable for structure determination. To obtain additional phase 
information, the methionine residues in the protein were substituted with selenomethionine 
(SeMet) and SeMet-labeled SARMSAM crystals were produced for single or multi-wavelength 
anomalous dispersion (SAD/MAD) experiments. The crystals (~100 µm in the longest 
dimension) of the SeMet-labeled proteins grew under the same conditions as the native 
protein (Figure 5.8C). To provide additional phasing power, residues of SARMSAM were 
further substituted with methionine. Leucine (L) is the optimal amino acid to be replaced by 
methionine (M) without disruption of the protein structure (Gassner and Matthews, 1999). 
The sequence alignment of SARM homologues revealed two positions, corresponding to 
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L505 and L523 in human SARM, where methionine occurs in some of the homologues (for 
example, the C. elegans SARM) (Figure 5.9). Both L505 and L523 are in the second SAM 
domain of SARMSAM (SAM2). To add methionine in the first SAM domain (SAM1), an 
additional position was selected from the structurally ordered region predicted using RONN 
(Yang et al., 2005), corresponding to L446. The construct was therefore made containing 
three methionine substitutions at the positions L446, L505 and L523, and is designated 
SARMSAM(tripM). Crystals of SetMet-labeled SARMSAM(tripM) were obtained in several 
similar conditions, including the Morpheus condition G6 consisting of 10% (w/v) PEG 8000, 
20% (v/v) ethylene glycol, 20 mM Morpheus carboxylic acids mixture and 100 mM 
MES/imidazole pH 7.5. The original crystals were small and fragile. Optimization was 
performed based on the Morpheus G6 condition with additives from the Hampton Research 
(HR) Silver-bullet screen and HR additive screen. Slightly bigger crystals grew in the 
Morpheus G6 condition supplied with additives, such as the HR additive screen F1 consisting 
of 30% (v/v) ethylene glycol (Figure 5.8D) and the HR Silver-bullet screen D9 consisting of 
different polyamines (Figure 5.8E). The SeMet-labeled SARMSAM(tripM) crystals were still 
small after optimization (~30 µm in the longest dimension). 
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Figure 5.8 Crystals of SARMTIR and SARMSAM. (A) A possible crystal of SARMTIR in a 
crystallization drop from one of the sparse matrix screens, indicated by an arrow. Left panel, image of 
the drop photographed immediately after setup; right panel, photographed after 22 d. (B) Optimized 
SARMSAM crystal. (C) Optimized SeMet-labeled SARMSAM crystals. (D) & (E) Optimized SeMet-
labeled SARMSAM(tripM) crystals. 
  
A 
B C 
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Figure 5.9 Sequence alignment of SAM domains from different species (generated using 
ClustalOmega (Sievers et al., 2011)). The boxed columns highlight the positions corresponding to 
L446, L505 and L523 in the human SARM protein, where methionine substitutions were made. 
Abbreviations and protein Accession/Reference numbers: Hs, Homo sapiens (NP_055892.2); Cr, 
Carcinoscorpius rotundicauda (ABB97045); Ce, C. elegans (Q86DA5.1); Mm, Mus musculus 
(NP_001161993); Dr, Danio rerio (NP_001124068); Dm, Drosophila melanogaster (NP_729327). 
The  symbol indicates the boundary between the two SAM domains. The sequence numbers 
corresponding to the human SARM protein are shown above the alignment. 
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5.2.4 X-ray data collection and processing 
For SARMTIR, we tried to collect data on the initial crystal observed in the sparse matrix 
screen at the Australian Synchrotron, but no diffraction was observed.  
For native SARMSAM, an X-ray diffraction data-set was collected from one single crystal on 
the Australian Synchrotron MX2 beamline at a wavelength of 0.9537 Å (SAM Native, Table 
5.2). Three data-sets were collected on one of the SeMet-labeled SARMSAM crystals on the 
Australian Synchrotron MX1 beamline at wavelengths of 0.9795 Å (peak), 0.9796 Å 
(inflection) and 0.9658 Å (high remote) (Table 5.2). The SeMet-labeled SARMSAM(triM) 
crystals did not diffract, probably due to the low quality of the crystals. The native SARMSAM 
and SeMet-labeled SARMSAM crystals were isomorphous, both having the symmetry of space 
group I2 and most likely contain eight molecules in the asymmetric unit, corresponding to a 
solvent content of 55% as calculated by MATTHEWS_COEF (Kantardjieff and Rupp, 2003; 
Matthews, 1968) within the CCP4 suite (Winn et al., 2011). The native and SeMet-labeled 
crystals diffracted X-rays to 2.5 Å and 3.5 Å resolution, respectively. 
 
Figure 5.10 Diffraction images of SARMSAM crystals (see Table 5.2 for details). The X-ray diffraction 
images were collected on the MX1 or MX2 beamlines at the Australian Synchrotron. (A) Diffraction 
image of the native SARMSAM crystal, collected on the MX2 beamline. (B) Diffraction image of the 
SeMet-labeled SARMSAM crystal (from the Peak dataset), collected on the MX1 beamline.   
A B 
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Table 5.2 Crystallographic data collection and processing. 
Values in the parentheses are for the outer shell. 
Data type SAM Native 
SAM SeMet 
Peak 
SAM SeMet 
High remote 
SAM SeMet 
Inflection 
Detector 
ADSC Quantum 
315r CCD 
ADSC Quantum 
210r CCD 
ADSC Quantum 
210r CCD 
ADSC Quantum 
210r CCD 
Wavelength (Å) 0.9537 0.9795 0.9658 0.9796 
Temperature (K) 100 100 100 100 
Crystal-to-detector 
distance (mm) 300 300 300 300 
Rotation range per 
image (°) 0.5 0.5 0.5 0.5 
Exposure time per 
image (s) 1 1 1 1 
Space group I2 I2 I2 I2 
a, b, c (Å) 94.59, 154.4, 121.7 94.54, 154.5, 122 94.59, 154.6, 122 94.64, 154.7, 122.1 
α, β, γ (°) 90, 93.79, 90 90, 93.86, 90 90, 93.85, 90 90, 93.86, 90 
Average mosaicity 
(°) a 0.16 0.07 0.07 0.08 
Resolution range 
(Å) 
47.72-2.5 (2.56-
2.50) 
47.82-3.50 (3.78-
3.50) 
47.82-3.50 (3.78-
3.50) 
47.82-3.50 (3.78-
3.50) 
Total no. of 
reflections 282952 (22159) 83993 (17355) 83920 (17408) 83725 (17326) 
No. of unique 
reflections 43622 (21280) 22030 (4527) 22027 (4531) 22034 (4532) 
Completeness (%) 99.9 (99.8) 99.8 (99.8) 99.8 (99.9) 99.8 (99.9) 
Multiplicity 3.8 (3.9) 3.8 (3.8) 3.8 (3.8) 3.8 (3.8) 
Anomalous 
completeness (%)  96.6 (96.5) 96.6 (96.7) 95.9 (96.2) 
Anomalous 
multiplicity  1.9 (1.8) 1.9 (1.8) 1.8 (1.8) 
Mean I/σ(I) 4.7 (4.8) 7.0 (2.4) 7.1 (2.5) 7.1 (2.3) 
Rmeas (%) b 11.1 (189.5) 24.4 (66.3) 23.9 (64.8) 24.7 (67.4) 
Rpim (%) c 5.0 (86.1) 12.6 (34.8) 12.4 (33.7) 12.9 (35.5) 
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CC1/2 a, d 0.999 (0.500) 0.986 (0.845) 0.986 (0.855) 0.985 (0.837) 
DelAnom 
correlation between 
half sets a  0.058 (0.078) 0.068 (0.028) 0.053 (0.050) 
Mid-Slope of 
Anom Normal 
Probability a  1.068 1.068 1.066 
a Calculated with Aimless (Evans and Murshudov, 2013) in the CCP4 suite (Winn et al., 2011). 
bRmeas = ∑hkl{N(hkl)/[N(hkl) − 1]}1/2 ∑i |Ii(hkl) − <I(hkl)>|/ ∑hkl ∑i Ii(hkl), where Ii(hkl) is the intensity of the 
ith measurement of an equivalent reflection with indices hkl. 
c Rpim = ∑hkl{1(hkl)/[N(hkl) − 1]}1/2 ∑i |Ii(hkl) − <I(hkl)>|/ ∑hkl ∑i Ii(hkl). 
d Pearson correlation coefficient between independently merged halves of the data set, as defined by 
(Karplus and Diederichs, 2012). 
 
5.2.5 Structure determination 
Molecular replacement (MR) was used first to solve the structure of SARMSAM. Search 
models for the MR were selected based on sequence alignments and homology modelling 
using I-Tasser (Zhang, 2008). An I-Tasser search revealed structure templates with sequence 
identity of 20~25% to SARMSAM. The best templates were SAM domains from structures 
with PDB IDs 3TAD and 3SEI (Figure 5.11A). The former corresponds to the first two SAM 
domains of mouse liprin-β, having a sequence identity of 25% with SARMSAM and 
normalized Z-score of 1.86 (normalized Z-score >1 means the sequences have a good 
alignment). In this structure, three tandem SAM domains of human liprin-α associate with 
three tandem SAM domains of mouse liprin-β (Wei et al., 2011). The second corresponds to 
the SAM domains of Caskin1 (Stafford et al., 2011), and has a sequence identity of 22% with 
SARMSAM and a normalized Z-score 1.8. SAM domains have characteristic five α-helix 
bundle structures. Monomers and dimers of SAM domains from 3TAD and 3SEI, and the 
models derived from homology modelling in I-TASSER were used as templates for MR with 
Phenix.Phaser (McCoy et al., 2007). The results showed low TFZ scores (5~6) and no 
complete MR solution was found. Several partial MR solutions were subjected to refinement, 
however, the Rwork and Rfree values were not improved after 10 runs of refinement 
(values >50%) and the resulting electron density maps were uninterpretable (Figure 5.11B). 
All this indicated that MR did not provide a correct solution, which could be due to the low 
sequence identity between the templates and SARMSAM (~25%), and the high copy numbers 
of molecules (8 copies of each SAM dimer) present in the asymmetric unit. 
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Figure 5.11 Structure determination using MR. (A) Sequence alignment of SARMSAM and the 
templates used for MR. The secondary structure elements of 3TAD and 3SEI are labelled above and 
below the alignment, respectively. The boundaries of the two SAM domains are indicated above the 
secondary structures. The blue and red boxes indicate ML and EH interfaces, respectively, discussed 
later in the chapter. (B) The 2Fo - Fc (blue) and Fo - Fc electron-density maps (green and red) 
contoured at 1.5 σ (displayed using Coot (Emsley et al., 2010)), have poor quality, indicating that the 
partial MR solution is likely incorrect. 
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Attempts were then made to solve the phase problem experimentally using information from a 
three-wavelength MAD dataset collected on a crystal of SeMet-labeled SARMSAM. The data-
sets were analysed using Aimless (Evans and Murshudov, 2013) in the CCP4 suite (Winn et 
al., 2011). The three datasets have moderate quality with mean I/σ(I) >2 and >99 % 
completeness at 3.5 Å resolution. However, the anomalous signal is weak, as the mid-slope of 
anom normal probability values were ~1 (a data-set with a value > 1 is considered useful). 
The correlation of anomalous differences (CCanom) between datasets dropped sharply at 7.6 Å 
resolution (Figure 5.12A) and the CCanom between random halves within each dataset was 
very low (<10%) (Figure 5.12B). As a CCanom > 30% is normally required to identify 
substructure solution using anomalous diffraction (Karplus and Diederichs, 2012; Schneider 
and Sheldrick, 2002), the data-sets are inadequate for finding a structure solution using 
SAD/MAD. MAD and SIRAS (single isomorphous replacement with anomalous scattering) 
phasing, using ShelxCDE (Schneider and Sheldrick, 2002; Sheldrick, 2002) in the CCP4 suite 
(Winn et al., 2011) and the Autosol pipeline (Terwilliger et al., 2009) in the Phenix suite 
(Adams et al., 2010), did not generate an interpretable map. Heavy-atom location using the 
phases generated from the partial MR solutions has also been unsuccessful. 
Figure 5.12 Structure determination using MAD. (A) Plot of correlation of anomalous differences 
(CCanom) between datasets. The three lines show the plots between pairwise combinations of three 
SeMet data-sets. (B) Plot of correlation of anomalous differences between random halves within data-
set SeMet Peak. Blue, correlation coefficient between the average intensities of each half-subset (CC1/2) 
(Karplus and Diederichs, 2012); Red, anomalous difference CC1/2 (CC1/2 anom). The figures were 
generated using Aimless (Evans and Murshudov, 2013). 
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5.3 Discussion 
To investigate the structural basis of SARM functions in TLR signaling and axon 
degeneration, we set out to determine the crystal structure of SARM. Here, the TIR domain 
and the SAM domain of human SARM were expressed and purified to homogeneity using the 
E. coli expression system. Crystallization screens were set up for both SARMTIR and 
SARMSAM, but only SARMSAM yielded crystals diffracting X-rays. Diffraction data-sets from 
native and SeMet-labeled SARMSAM crystals were collected at the Australian Synchrotron at 
2.5 Å and 3.5 Å resolution, respectively. My attempts to solve this structure either by MR or 
MAD have so far been unsuccessful, and future efforts will focus on improving crystals for 
experimental phasing using either SeMet-labeled protein or heavy-atom soaks, and combining 
the phases obtained from MR and experimental phasing. We will also attempt crystalization 
of domains of SARM from other organisms, including Drosophila and C. elegans. 
The SARM TIR and SAM domains had very different expression levels in the E. coli 
expression system. Biochemical and structural studies of the SARM TIR domain have been 
hampered by the low yield of the recombinant protein using the E. coli expression system. 
Optimization of the production methods has been performed with SARMTIR and only 
improved the yield from 0.03 mg to 0.05 mg per 1 L of original culture. By contract, good 
expression levels of SARMSAM were achieved in our study, whereas the construct containing 
both TIR and SAM domains (SAM-TIR) showed no significant expression (unpublished data 
from Nicholas Deerain, et al). Peng et al. (2010) demonstrated that transfection of SAM 
domain, TIR domain and the SAM-TIR construct in human embryonic kidney (HEK) 293 
cells resulted in very different protein expression levels, where the presence of the ARM 
domain and the SAM domain seemed to reduce the expression and/or stability of the protein 
and this may be related to the mechanism of SARM function regulation. This was supported 
by the finding that the SAM-TIR construct expression caused bleb formation in HEK293 cells, 
considered as toxicity (Gerdts et al., 2013). The toxicity was abolished by the replacement of 
eight residues in the TIR domain to alanine, the same mutation that also caused loss-of-
function in the SARM protein (Gerdts et al., 2013). The low expression level of SARMTIR in 
our study may be a result of TIR domain toxicity rather than protein misfolding. It may be 
possible to use the TIR domain mutants to improve the protein expression and solubility for 
future crystallographic studies. 
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SARMSAM, which contains two tandem SAM domains, formed a stable octamer in solution, 
which means there are sixteen SAM domains in the complex. While SAM domain 
oligomerization has been identified in many cases, octamer assembly appears rare. Many 
SAM domains are relatively insoluble and form heterogenous polymers in solution. Stafford 
et al. (2011) produced a soluble oligomer of Caskin1 (CASK-interacting protein 1) SAM 
domains in a high salt buffer, revealing a tetrameric assembly (each module of the tetramer 
contains two tandem SAM domains) (Figure 5.13B). Structures of SAM domains, most of 
which contain mutations to weaken the polymerization interaction, reveal monomeric, dimeric 
and oligomeric (6 or 8 SAM domain) forms (Harada et al., 2008; Kim et al., 2001; Leettola et 
al., 2014; Qiao et al., 2004). The interaction interfaces identified in the crystal packing are 
physiologically relevant and correspond to the SAM domain self-association interfaces (Tran 
et al., 2002). The novel assembly of SARMSAM will give us insight into SAM domain 
oligomerization and how it relates to SARM functions. 
Due to the lack of structural information, it remains unknown how the SARMSAM protein self-
associates. Many SAM domains self-associate head-to-tail and assemble as helical polymers 
(Figure 5.13A) (Kim et al., 2002; Kim et al., 2001; Qiao et al., 2004). In addition to the head-
to-tail interaction, some SAM polymers form side-by-side contacts. For example, the SAM 
domain of Caskin1 (Figure 5.13B) and ANKS3 (ankyrin repeat and SAM-domain containing 
protein 3) form helical polymers and the polymers vertically stack into triple-helix 
architectures (Leettola et al., 2014; Stafford et al., 2011). In the Cakin1 triple-helix, the C-
terminal His-tags in the protein are responsible for the interaction between the helical 
polymers of the triple-helix, while in ANKS3, the triple-helix is held together by the N-
terminal residues of the SAM domains (Leettola et al., 2014; Stafford et al., 2011). As an 
exception, the tandem SAM domains of liprin-α and liprin-β form linear polymers (Figure 
5.13C) instead of helical polymers (Wei et al., 2011). SARMSAM has a low sequence identity 
to SAM domains of liprin-β and Caskin1 as revealed by an I-Tasser search. The His-tag in the 
SARMSAM fusion protein could not be removed completely by the TEV protease, indicating 
some of the His-tag regions may be buried inside the protein complex and involved in the 
intramolecular interaction as observed in Caskin1 SAM polymers. However, it remains 
unclear whether SARMSAM forms helical or linear polymers. 
SAM domains self-associate head-to-tail mainly through two interfaces: the mid-loop (ML) 
and end-helix (EH) interfaces (Figure 5.11A and Figure 5.13D) (Kim et al., 2001; Kurabi et 
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al., 2009). A model of SARMSAM was built using the I-Tasser homology modeling (Figure 
5.13E), yielding C-score of 0.25 (in the range of [-5,2], higher value indicates high model 
confidence) and TM-score 0.75±0.11 (TM-score >0.5 indicate a good topology) (Zhang, 
2008). Small-angle X-ray scattering (SAXS) and electron microscopy (EM) will be used to 
investigate the complex assembly of SARMSAM. 
Attempts to solve the SAM structure by MR have been unsuccessful. Although the ongoing 
software development has been pushing the limits of MR, diffraction data better than 3.2 Å, 
four or fewer copies in the asymmetric unit and templates with >20% sequence identity to the 
target are typically required for successful structure solution with state of the art approaches 
(DiMaio et al., 2011; Scapin, 2013). In our case, SARMSAM has ≤25% sequence identity with 
the templates and the asymmetric unit may contain 8 molecules. More careful selection and 
sculpting of templates may be required. One possible solution is to use dimeric or larger 
assembly structures as templates. However, the diverse arrangements in SAM oligomers add 
complexity to such template selection. Another solution is to use conserved parts of the 
protein as templates rather than the whole protein (McCoy et al., 2013). 
Experimental phasing methods were also performed to determine the SARMSAM structure. 
SeMet-labeled crystals of SARMSAM have been produced, however the data-sets collected 
from these crystals showed a very weak anomalous signal, which was not adequate for 
substructure identification. SARMSAM only contains three methionine residues within 178 
amino acids, and two of them are most likely located in structurally disordered regions 
(selenium atoms in these positions may therefore not yield significant anomalous scattering 
signal). Therefore, crystals of SARMSAM(triM) were produced, which contain three additional 
methionine residues. However, the SeMet-labeled SARMSAM(triM) crystals were of low 
quality and did not diffract X-rays. We will try to optimize the crystallization conditions to 
generate better quality crystals. As mutations in the predicted oligomer interfaces may affect 
crystal packing of the SAM protein, further mutagenesis studies will be applied to obtain 
crystals with packing that will facilitate structure determination. In addition, SAXS and EM 
techniques will be used to determine a low-resolution structure of SARMSAM, which will 
provide the knowledge of the assembly symmetry and complement structure determination 
using crystallography. 
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Figure 5.13 SAM polymer structures. (A) The helical polymer of TEL SAM domains, containing six 
SAM domains per helical turn. The image was made by generating crystallographic symmetry copies 
using TEL SAM domain structure (PDB ID 1JI7) in Pymol (DeLano Scientific LLC). The individual 
chains are shown in different colours (green, cyan and magenta is correlated to chain A, B and C, 
respectively). (B) The tetrameric structure of Caskin1 SAM domains (PDB ID 3SEN). The four 
modules of the tetramer are show in different colours. Each module contains two SAM domains. The 
tetramer can be further assembled into triple-helical polymers. (C) The linear polymer of liprin-α 
E 
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(green) and liprin-β (magenta). Each module contains three SAM domains. (D) The structure of 
Caskin1 tandem SAM domains (SAM1 and SAM2) (PDB ID 3SEI). SAM1 and SAM2 are connected 
by a linker and interact head-to-tail through the ML and EH interfaces. (E) The structural model of 
SARMSAM containing two SAM domains (SAM1 and SAM2). The model shows SAM1 and SAM2 
dimerize through the ML and EH interfaces. The linker between SAM1 and SAM2 has not been 
modelled. 
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Chapter 6 Conclusions and future directions 
6.1 Overview 
The overall aim of this project was to investigate the molecular basis of innate immunity in 
plants and animals. The overall aim was archieved in three specific aspects. 
1. The plant disease resistance (R) proteins form an important layer of the plant self-defense. 
The first aim of the project was to investigate the structure and function of the TIR domain of 
an Arabidopsis R-like protein SNC1. The TIR domain of SNC1 (SNC1TIR) was expressed in 
E coli and purified to homogeneity. SNC1TIR was crystalized and the structure was 
determined, revealing a similar protein fold to known plant TIR domain structures. SNC1TIR 
self-associated in solution. Analysis of the structure combined with site-directed mutagenesis 
revealed two distinct dimerization interfaces. Both interfaces have recently been shown to be 
important for signaling in the TIR domains of L6 and RPS4, respectively (Bernoux et al., 
2011; Williams et al., 2014). The structure therefore provides a unique model to understand 
TIR domain association. 
2. The second aim of the project was to investigate the structures and function of the effector 
proteins AvrP, AvrP123 and AvrP4, which are secreted by the fungal pathogen flax rust 
during infection of flax. AvrP and AvrP123 were expressed and purified using an E. coli 
expression system, however, a method could not be established for the production of AvrP4. 
Biochemical assays revealed that the cysteine residues of AvrP and AvrP123 bind to metal 
ions instead of forming disulfide bonds as initially predicted by Catanzariti et al (Catanzariti, 
et al., 2006). The structure of AvrP was determined using multi-wavelength anomalous 
dispersion (MAD). The AvrP structure showed an elongated protein fold with an unusual 
zinc-binding topology. Analyses of the structure provided a model for the interaction between 
AvrP and the R protein P. 
3. The third aim of the project was to investigate the structure and function of the TLR 
adaptor protein SARM. SARM is a TIR-domain containing protein that regulates TLR 
signaling in animal innate immunity (O'Neill and Bowie, 2007). To increase the chances of 
successful protein production and structure determination, full-length SARM and fragments 
comprising the ARM, SAM and TIR domain regions were targeted. Here, SARMTIR and 
VI	  Conclusions	  and	  future	  directions	  
 
 122 
SARMSAM were expressed and purified. SARMSAM was crystalized and diffraction data were 
collected. Structure determination using molecular replacement and experimental phasing is 
still being investigated to determine the structure. SARMTIR failed to crystalize in our study. 
 
6.2 The structure of SNC1 TIR domain reveals distinct interfaces  
A major sub-family of R proteins contains a Toll/interleukin-1 receptor (TIR) domain at the 
N-terminus. Structural and functional analyses of the R proteins L6 and RPS4 have 
previously shown that the TIR domain region is both necessary and sufficient for triggering 
cell death, and that TIR domain self-association is required for signalling (Swiderski et al., 
2009; Bernoux et al., 2011; Williams et al., 2014). So far, distinct interaction interfaces have 
been identified from L6 and RPS4 TIR domain structures. 
A fragment of SNC1 containing the TIR domain and an additional 47 C-terminal residues can 
trigger effector independent cell death in planta. Here, I report the crystal structure of 
SNC1TIR, which reveals a similar protein fold to known plant TIR domain structures, such as 
AtTIR, L6 and RPS4. MALS coupled with size exclusion chromatography (SEC-MALS) 
revealed that SNC1TIR self-associated in solution in a concentration-dependent manner. 
Analyses of the structure revealed two possible self-association interfaces. “Interface 1” was 
observed between the two chains in the asymmetric unit, consisting of an interaction network 
formed by residues from the αA and αE helices. The core of the interface contains a pair of 
serine and histidine residues, designated the “SH” motif. Mutation of the SH motif and 
several other residues involved in interface 1 abolished the SNC1TIR self-association and 
autoactivity. Interface 1 shows high similarity to the homo- and hetero-dimerization interfaces 
of RPS4 and RRS1 TIR domains. The SH motif is found to be well conserved in plant TIR 
domains. These findings suggest that interface 1 is a common interface for the self-
association of plant TIR domains. In addition, further studies of the L6 TIR domain 
demonstrated that this interface also affected its self-association, even though the interface 
was not observed in the original crystal structure (Bernoux et al., 2011). 
The second major interface observed in the SNC1TIR structure “Interface 2” involves the αD3 
and αE helices. Interface 2 is similar to the L6 TIR domain self-association interface 
identified by Bernoux and colleagues (Bernoux et al., 2011). Residues involved in this 
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interaction were not conserved between L6 and SNC1. Mutations in this interface did not 
affect SNC1TIR self-association in SEC-MALS experiments; however, they abolished 
autoactivity, indicating that interface 2 may be involved in the SNC1TIR signaling. Further 
mutagenesis studies are being carried out to identify the function of interface 2. 
 
6.3 The structure of AvrP and its implications for function 
The biological function, the delivery mechanisms and the recognition by host R proteins are 
three hotly pursed questions in the field of plant pathogen effectors. Resolving these questions 
has been hampered by the lack of functional signatures in the protein sequences of effector 
proteins, particularly in fungi, and methods to identify functions. Structural biology is 
therefore an important approach to understand effector protein function. Here, I investigated 
the structures and functions of AvrP and AvrP123, and their interaction with the P resistance 
protein. The crystal structure of AvrP was determined. The AvrP123 structure was modeled 
using AvrP as the template. Unfortunately to date, structure based investigations of AvrP 
functions have generally shown an absence of distinguishing or marked signatures. In 
addition, while the structure based modeling presents a possible mechanism for the specific 
host recognition through direct AvrP:P interaction, direct interaction is yet to be observed 
experimentally. Nevertheless, continued structure guided investigation of AvrP and AvrP123 
will undoubtedly provide insight into possible pathogen-associated functions. 
The structure of AvrP reveals a novel protein fold and Zn-binding properties. AvrP has an 
elongated shape composed mainly of β-strands, and binds three Zn ions in a cross-brace 
topology. The β-strands formed a Zn-finger like structure that shows low similarities to 
proteins with nucleic acid- or chromatin- binding abilities. Such proteins often function as 
transcription factors. Surface electrostatic potential analysis revealed that AvrP has a 
negatively-charged surface that may facilitate nucleic acid binding. Following the structural 
analysis, we checked whether AvrP binds to DNA or RNA. Electrophoretic mobility shift 
assays (EMSA) were performed using the Pentaprobe approach (Kwan et al., 2003), showing 
no significant DNA or RNA binding ability for AvrP. In spite of this, immunofluorescence 
studies showed that AvrP accumulated in the host nucleus. In yeast two-hybrid assays, BD-
fused AvrP (weakly) and AvrP123 (strongly) activated GAL4 upstream HIS3 reporter gene in 
the absence of AD-fusion of P/P2, indicating AvrP and AvrP123 may have transcriptional 
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activation function in yeast. Further investigations are required to address whether AvrP and 
AvrP123 act in transcription regulation and whether nuclear localization is required to trigger 
R protein specific defence. 
Future research to answer these questions includes gene transcription analyses and chromatin 
pull-down assays. In the gene transcription analyses, AvrP and AvrP123 will be infiltrated 
into transgenic flax plants carrying the cognate P proteins, to see whether flax gene 
transcription is changed by the AvrP and AvrP123 expression. Chromatin pull-down assays 
will be performed to identify whether AvrP and AvrP123 bind to specific genome regions of 
the host cells; tagged AvrP and AvrP123 proteins will also be used as baits to 
immunoprecipitate potential DNA complexes out of cell lysates. 
 
6.4 Structural model for AvrP:P interaction 
The direct interaction model is the most common model to describe the interaction between 
effector and R protein in the flax-flax rust system. The highly specific recognition of AvrP 
variants by the cognate P resistance proteins is consistent with a direct recognition model that 
does not require other conserved factors (Dodds and Thrall, 2009). Here, the interaction model 
of AvrP and P was investigated using structural analysis and molecular docking studies. 
Firstly, a variable surface was revealed on the AvrP structure that was predicted to mediate 
the AvrP:P interaction. The AvrP123 gene locus encodes an array of allelic variants that can 
be specifically recognized by the corresponding P, P1, P2 and P3 resistance proteins 
(Catanzariti et al., 2006; Dodds and Thrall, 2009). Mapping of residue conservation among 
the AvrP variants on the surface of the AvrP structure revealed that the polymophic residues 
clustered on several surface patches. Among them, five highly variable residues clustered 
closely in a relatively flat surface. This surface patch, designated the “variable surface”, may 
be essential for the recognition specificity. Residues in the variable surface include residues 
64, 66, 68 and 70 in the β2β3 loop, residues 47 and 50 in the β2-strand and residue 90 in the 
β4α1 loop.  
Then, using molecular docking, the variable surface of AvrP was shown to interact with the 
region in the LRR domain of P that is responsible for the recognition specificity. In a previous 
study, Dodds et al demonstrated that six residues located within the predicted β-strand/β-turn 
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motif of the P/P2 LRR domain mediated the recognition specificity between P and P2 (Dodds 
et al., 2001), leading to the hypothesis that AvrP is recognized by P through the LRR domain. 
Molecular docking using the AvrP structure and the model of the P LRR domain (P-LRR) 
revealed that AvrP interacted with the predicted β-strand/β-turn region of P-LRR, through the 
variable surface of AvrP. The corresponding region of P-LRR contained four residues (V748, 
N747, I787 and R791) that are among the six residues responsible for the P/P2 recognition 
specificity. The polymorphisms in the corresponding region are consistent with a direct 
interaction model. For example, in the docking model, the residues R791 of P-LRR is 
predicted to contact the residue I64 of AvrP, while in AvrP123, the residue I64 is replaced by 
an arginine. The changes of the side chain charge may explain the observed loss of 
recognition of AvrP123 by P. 
This model supports the recognition by direct interaction. However, direct interaction could 
not be detected in yeast or using co-immunoprecipitation from plants. Future investigations 
will include experiments to define the recognition sites of AvrP and to define the nature of the 
AvrP:P interaction. For example, a system has been established to express YFP-tagged AvrP 
in transgenic flax plants carrying the P gene. The residues in the variable surface of AvrP will 
be mutated and their effects on triggering HR will be analysed. The AlphaScreen (amplified 
luminescent proximity homogeneous assay screen) (Sierecki et al., 2013) coupled with the 
cell-free protein expression system is also being developed to assess if a direct AvrP:P 
interaction takes place. 
 
6.5 Preliminary crystallographic and biophysical studies of the SARM SAM 
domain 
SARMTIR and SARMSAM were expressed and purified to homogeneity using the E. coli 
expression system. Crystallization screens were set for both SARMTIR and SARMSAM, but 
only SARMSAM yielded crystals that diffracted X-rays. Diffraction data of the native 
SARMSAM crystals and the selenomethionine (SeMet)-labeled crystals were collected at the 
Australian Synchrotron, diffracting X-rays to 2.5 Å and 3.5 Å resolution, respectively. 
However, my attempts to solve this structure by molecular replacement (MR) and SeMet 
labeling coupled with MAD have thus far been unsuccessful. The SARMSAM crystals contain 
8 molecules in the asymmetric unit and the best template for MR only has 25% sequence 
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identity with SARMSAM. These issues made structure determination using MR challenging. 
To overcome these problems, a more careful preparation of the template is required and we 
will also take advantage of new developments in MR computational methods, such as 
MR_Rosetta that combines homology modeling with MR (DiMaio et al., 2011), and SCEDS 
and Arcimboldo that use protein fragments for MR (Rodriguez et al., 2009; McCoy et al., 
2013). In addition to MR, experimental phasing methods, such as SeMet labeling and heavy-
atom soaking, have also been tested to obtain the phase information. However, at present both 
methods have been hampered by the low quality of the SARMSAM crystals. One approach to 
generate better quality crystals will include producing mutations in the SARMSAM construct to 
generate crystals with different packing. 
The SARMSAM construct containing two tandem SAM domains formed a stable octamer in 
solution. Oligomerization is a consistent feature of SAM domains, however, an octamer 
assembly has not been presented in the literature. When the structure is solved, the novel 
assembly of SARMSAM will provide insights into the molecular basis of SAM polymerization. 
Due to the lack of structural information, it remains unclear how the SARMSAM octamer is 
assembled. The homology model of SARMSAM shows a head-to-tail interaction between the 
two tandem SAM domains and the interaction consists of the middle-loop (ML) and end-of-
helix (EH) interfaces. The head-to-tail interaction, and ML and EH interfaces are commonly 
identified in the self-association interface in other SAM domain structures. Small-angle X-ray 
scattering (SAXS) and electron microscopy (EM) are currently being used to investigate the 
SARMSAM octamer assembly in solution. 
 
6.6 Concluding remarks 
Both plants and animals rely on immune receptors to perceive microbial invasion and mediate 
immune responses to defend themselves against pathogens. Strikingly, analogous immune 
receptors with similar biological functions and protein architectures have been identified in 
plant and animal innate immunity pathways. Protein domains, such as TIR and LRR domains, 
are widespread and play important roles in signaling and pathogen perception. Using a 
structure/function approach, this project aimed to shed light on the mechanisms that plants 
and animals use to defend themselves against pathogens and the important role that effectors 
play in fungal infections. The results from this thesis will drive future fundamental research 
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into these systems and help provide the basic understanding necessary to guide more applied 
studies of medical and agricultural importance. 
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